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Abstract
Spring freshets and summer droughts have recently worsened in the Fraser River Basin, British Columbia,
Canada, with signiﬁcant impacts to the keystone Paciﬁc salmon populations, the food and economic
sovereignty of over eighty First Nations, and the western Canadian economy. These extreme events
present a potential risk since, unlike many large and less hydroclimatically-complex and/or empounded
watersheds, the Fraser River Basin is susceptible to a combination of unregulated spring freshet and
summer drought events even within the same year. A major limitation for understanding past and future
extreme event risk in the Fraser River Basin is that observational streamﬂow datasets are both short in
duration and potentially forced by anthropogenic warming. They therefore provide a potentially incomplete record of natural hydrological variability and inaccurate benchmarks of long-term natural runoff
extremes. While longer-term, highly-resolved (annual), tree ring (TR) based paleohydrological reconstructions are increasingly being used worldwide by water managers and stakeholders to extend short
observational streamﬂow records, this approach is difﬁcult in complex temperate watersheds like the
Fraser. For this study I developed the ﬁrst multi-century, sub-annual resolution (seasonal), paired freshet
and drought reconstructions within a single watershed. I targeted the Upper Fraser Basin since it represents the headwaters and primary runoff source of the greater Fraser Basin. By focusing on sub-annual
streamﬂow seasons, I was able to both independently reconstruct seasonal extreme ﬂow events, and
also overcome methodological limitations that precluded prior attempts to reconstruct total water-year
runoff in this watershed. Newly developed and existing TR chronologies from multiple species were used
as proxies for seasonal temperature and cool-season precipitation which are, in turn, drivers of streamﬂow in each reconstruction season. I analyzed the magnitudes, durations, and statistical probabilities
of high freshets and droughts over the past 140 years. My results suggest that the instrumental records
do not accurately reﬂect the full variability of high freshet events or drought events as both duration and
magnitudes of past events are higher than any during the observed time period. There is also a change in
iii

the frequency of high freshet events towards more frequent occurrences since 1950 AD. The new extreme
event reconstructions presented here provide paleoenvironmental benchmarks that can be used by water managers and stakeholders to signiﬁcantly change and improve water management-relevant statistical analyses such as frequency analysis and return periods calculation, and adapt to future freshets and
droughts on the Fraser River under climate change.
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Chapter 1
Introduction
1.1 Fraser River Basin
The Fraser River Basin (FRB) of British Columbia (BC) has about 2.7 million inhabitants including
half of the 198 First Nations in the province (BC River Forecast Centre, 2010); supports one of the world’s
largest ﬁsheries including all ﬁve keystone species of Paciﬁc salmon (Fraser Basin Council, 2009); and
is a cornerstone of western Canadian culture, environment, and economy. A hydroloclimatically- and
topographically- complex watershed, the FRB encompasses 7 of BC’s 16 biogeographical regions (Fraser
Basin Council and BC Ministry of Environment) and spans the western ranges of the Canadian Rocky
Mountains, interior plateau, and BC Coastal Mountains, draining approximately 230,000 km2 or about
25% of the province of British Columbia (BC) (Thomson, 1981) and discharging into the Strait of Georgia
(1.1).

Climate across the FRB exhibits large variations in both temperature and precipitation due to the
spatial complexity of the basin. Precipitation ranges from 400-800mm yr-1 in the rain shadow of the
Coast mountains and the Interior Plateau, up to 3000mm yr-1 in the coastal and mountainous regions
(Kang et al., 2014) with some Coast region sites receiving up to 5000mm yr-1 (Rodenhuis et al., 2009).
Mean annual air temperature ranges from 0.5°C and 7.5°C from the northwest Skeena Mountains to the
south near the Okanagan region with mean summer temperatures between 11°C to 16.5°C and mean
winter temperatures of -11°C to -1°C (Benke and Cushing, 2005). Overall the Interior Plateau is the driest
part of the FRB while the Coast and Rocky mountains receive the most precipitation predominantly as
1
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Figure 1.1: Map of the FRB and its major sub-basins with boundaries in blue, streamﬂow gauge stations and
mountain ranges. Existing and new FRB tree-ring chronologies and their hydroclimate sensitivities (T = temperature, P = precipitation]. The sub-basin names and codes are: Upper Fraser Basin (UF), Stuart (SU), Nautley (NA),
Nechako (NE), Quesnel (QU), North Thompson (NT), South Thompson (ST), Thompson-Nicola(TN), Chilcotin
(CH), Lillooet-Harrison (LH) and Lower Fraser (LF).

snow (Benke and Cushing, 2005; Rodenhuis et al., 2009).
The FRB is a nival, or snowmelt-dominated, watershed with annual peak ﬂows strongly correlated with
1 April SWE (Curry and Zwiers, 2018). The watershed has few empoundments and a rapid concentration
time (>1month; (Ferrari et al., 2007)), resulting in an annual ﬂow pattern characterized by two distinct
hydrologic events each year: a high ﬂow period (freshet or ﬂood) in spring and low ﬂow period (drought)
in the late summer and early fall (Fig. 1.2), both of which are driven by snow meltwater (Curry and Zwiers,
2018).
2

Figure 1.2: A: Hydrograph of total monthly runoff for the Fraser River main stem gauge at Hope and its major
sub-basins. Shading indicates months that were candidates for reconstructions (ﬁrst, tightly-hatched months for
potential freshet reconstruction, second hatched set of months for potential drought reconstruction) while red
boxes indicate months that were selected and have working reconstructions. B: Distribution of UFB daily average
discharge by month from Shelley gauge station.

Multiple studies have documented signiﬁcant declines in snowpack across the Western United States
and North American Cordillera since the 1950s (McCabe and Dettinger, 2002; Abatzoglou, 2011; Fyfe
et al., 2017; Mote et al., 2018) as well as over the Canadian Rockies (Harder et al., 2015), with widespread
changes to runoff timing, rate, quantity, and the magnitude and duration of extremes in nival watersheds. Analyses of instrumental streamﬂow data for the Fraser River have revealed earlier occurrence
of annual cumulative peak runoff during the 20th century (Foreman et al., 2001; Morrison et al., 2002;
3

Ferrari et al., 2007). Déry et al. (2012) studied variability and trends of annual streamﬂow for the FRB
between 1911 - 2010 and found a trend in recent decades towards greater interannual variability particularly in the spring and summer months, yet overall, efforts to model and understand recent hydrologic
change have been complicated by very short (approximately 50 to 100 years) instrumental records (Islam
and Déry, 2017).

In the FRB, lowland and Interior Plateau regions may have already begun a transition toward hybrid nival-pluvial (snow- and rainfall- dominated) ﬂow regimes (Ferrari et al., 2007; Shrestha et al., 2012;
Zhang et al., 2001), and are ultimately expected to shift to a rainfall-dominated system as is the entire
FRB (Morrison et al., 2002), resulting in earlier and higher-magnitude peak ﬂows as well as reduced summer ﬂows (Eaton and Moore, 2010). Both high freshets and droughts have worsened in recent decades
(Déry et al., 2012) and interannual hydrological variability has also generally increased across most of the
FRB over the same time period (Déry et al., 2012) with substantial changes in runoff variance especially
during spring and summer (Kang et al., 2016). Negative streamﬂow trends consistent with a reduction
in glacial ice cover have been detected in basins with glacier coverage, although the relative inﬂuence of
glacial on runoff in the FRB is minor compared with precipitation (Stahl et al., 2006).

Observed hydrologic shifts in the FRB are set to worsen due to both direct and indirect impacts of
climate change. Using 7 Global Circulation Models (GCM) and 4 different climate scenarios Kerkhoven
and Gan (2011) project an average temperature increase of 4.0°C while precipitation is predicted to increase by 8.4% in just the next 100 years. These changes are predicted to lead to a loss of a third of the
snow cover across the FRB by the 2050s, with higher temperatures leading to more precipitation falling
as rain and faster melting of snow cover (Islam and Déry, 2017). Accounting for elevation-dependent
differences, projected snow cover losses are predicted to lead to enhanced and earlier peak discharge
and subsequent reductions in summer runoff (Shrestha et al., 2012). Taken together, hydrologic shifts
in the Fraser Basin threaten to substantially disrupt water supply, agriculture, industry, riverine and riparian ecosystems, and salmon runs (Barnett et al., 2005; Shrestha et al., 2012; Kerkhoven and Gan, 2011).

4

1.2 Freshet
The spring freshet describes the onset of the peak annual runoff or ﬂood period which, in the FRB,
is primarily driven by annual maximum snow water equivalent (SWE) and typically observed between
mid- to late April (Déry et al., 2014; Morrison et al., 2002). It can be detected as the rising limb or arm
in the hydrographs for the FRB (Fig. 1.2) resulting from a pulse of high runoff brought on by snowmelt
(Morrison et al., 2002). The freshet has in the past been the main contribution to FRB streamﬂow leading
to the categorization of the FRB as a nival system (Curry and Zwiers, 2018). It has been demonstrated
that rapid warming in spring can lead to earlier annual peak discharge as well as higher discharge (Curry
and Zwiers, 2018).

The timing of the FRB freshet has shifted recently due to changes in the storage of water in the snowpack and temperature shifts (Déry et al., 2009; Morrison et al., 2002; Schnorbus et al., 2012). Kang et al.
(2016) detected a 10-day advance of the FRB spring freshet for 1949-2006 linked to the effects of increasing temperatures across the basin that also lead to reduced summer streamﬂow. The same study also
documented enhanced April and May runoff by a minimum of 1500 m3 s-1 over the same time period
through a reconstruction using Kendall-Theil Robust Lines of daily streamﬂow (Kang et al., 2016). An
increase in temperature and shift in precipitation towards rainfall rather than snowfall will lead to more
rain-on-snow events at high elevations during the winter, and by extension, more frequent and severe
rain-on-snow induced ﬂood events (Musselman et al., 2018). A multi-model ensemble derived from a
Variable Inﬁltration Capacity (VIC) model with climate forcing by 12 GCMs under 2 emission scenarios
predicted future spring runoff increases of 40% to 100% over the Rocky and Coast Mountains of BC due
to earlier snowmelt (Islam and Déry, 2017).

1.3 Drought
In the FRB peak ﬂow occurs between April and July with annual lowest ﬂows between December and
February when precipitation mainly falls as snow and does not contribute to surface runoff (Morrison
et al., 2002; Moore and Wondzell, 2005; Eaton and Moore, 2010) (Fig. 1.2). Summer low ﬂows occurring from June to October are driven by a combination of reduced snow meltwater supply and enhanced
evapotranspiration. Although not as reduced as those during winter, summer low ﬂows pose a much
5

greater threat to human and ecological water supply, as well as salmon runs (Padilla et al., 2015; Foreman et al., 2001) (Fig. 1.2). The summer low ﬂow season is therefore generally described as the ’drought
season’, consistent with the concepts of hydrologic or streamﬂow drought in which there is less than average surface water availablilty (Dracup et al., 1980; Wilhite and Glantz, 1985). Like the freshet, summer
drought on the FRB is primarily driven by annual maximum SWE (Eaton and Moore, 2010). During this
season, high-pressure systems dominate across the watershed, resulting in little precipitation. As a result, runoff primarily comes from snow meltwater stored and slowly released by mountain snowpacks
(Stahl et al., 2006).

Nival rivers in Western Canada are experiencing overall negative trends in summer runoff (Déry et al.,
2009) which has been linked to earlier onset of snowmelt due to higher temperatures (Whitﬁeld and Cannon, 2000) and reduced water storage in snow packs (Déry et al., 2009). Due to earlier onset of snowmelt
Fraser River freshets have intensiﬁed and occur earlier in the year, resulting in lower runoff during the
summer due to decreases in snow meltwater availability (Kang et al., 2016). While uncertainties surrounding the impact of temperature on the timing of snowmelt have been cited as a source of uncertainty in hydrological modelling (Islam and Déry, 2017), model predictions of mean seasonal runoff out
to the 2050s show increased winter and spring runoff followed by reductions of nearly -50% during summer (Islam and Déry, 2017). These reductions are particularly strong in the Rocky and Coast mountains,
the runoff source regions of the FRB (Islam and Déry, 2017). The potential for glacial meltwater to buffer
FRB summer drought is minimal due to the small percentage of glaciarized areas in the watershed, and
will only decrease further as glacier wastage continues (Shrestha et al., 2012; Stahl et al., 2006; Schnorbus
et al., 2012). Overall, summer drought on the FRB is expected to intensify in both duration and magnitude as snowpacks are depleted over the coming decades (Islam and Déry, 2017; Kang et al., 2016; Déry
et al., 2009; Cunderlik and Ouarda, 2009).

1.4 Ocean-atmosphere modes
Inﬂuences of large scale ocean-atmosphere climate modes on the hydroclimate of the FRB have been
documented by several studies (Rodenhuis et al., 2009; Whitﬁeld et al., 2010; Spry et al., 2014; Bonsal
et al., 2001; Shabbar et al., 1997). Varying over inter-annual to inter-decadal timescales, the main inﬂuences originate from the Paciﬁc Decadal Oscillation (PDO), the El Niño Southern Oscillation (ENSO)
6

and Paciﬁc North American (PNA) pattern (Abatzoglou, 2011; Mote et al., 2018; Rodenhuis et al., 2009).
The inﬂuence of ENSO occurs on an inter-annual timescale and can be detected primarily during winter
(Shabbar et al., 1997; Kiffney et al., 2002), with negative temperature and precipitation anomalies during
El Niño conditions (positive phase ENSO)and positive anomalies during La Niña conditions (negative
phase ENSO) (Shabbar and Khandekar, 1996; Shabbar et al., 1997). Thus, cooler and wetter winters with
enhanced snowpacks are associated with La Niña events (Rodenhuis et al., 2009; Mood et al., 2020) while
El Niño events result in intensiﬁed streamﬂow droughts in southern BC. Inﬂuences of PDO on surface
climate are often coupled with ENSO (Rodenhuis et al., 2009; Whitﬁeld et al., 2010), with positive phase
PDO and strong El Niños associated with warmer and drier winters, below normal snow packs, and reduced water-year FRB runoff (Kiffney et al., 2002; Stahl et al., 2006; Moore and McKendry, 1996; Bonsal
et al., 2001; Mantua et al., 1997). The positive or enhanced phase PNA and PDO has been associated with
increased winter precipitation while the opposite holds true for negative phase PNA and PDO (Thorne
and Woo, 2011), additionally PNA broadly impacts the hydroclimate through changes in the winter storm
intensity and frequency (Rodenhuis et al., 2009).

Analysis of the effects of ocean-atmosphere modes on FRB runoff is complicated by the short duration of instrumental ﬂow records. For example, the relatively long duration of PDO phases means few
’sample’ shifts occurred within the instrumental period (Mantua and Hare, 2002; Whitﬁeld et al., 2010).
Long-term paleoenvironmental reconstructions of streamﬂow have contributed substantially to examining inﬂuences of climate modes on runoff over centuries (Stahle et al., 2020; Mantua et al., 1997; Wilson
et al., 2009; Hart et al., 2010; Coulthard et al., 2016) and have the potential to do so for the FRB if they can
be developed.

1.5 FRB sub-basins
The FRB is made up of 13 major sub-basins that exhibit substantial seasonal runoff heterogeneity
(Déry et al., 2012) related primarily to their location between the Coast mountains, the Interior Plateau,
or the Canadian Rockies (Fig. 1.1), and differences in mean basin elevation (ranging from 1070 m to 1756
m, (Kang et al., 2014; Déry et al., 2012)). 11 sub-basins are monitored by hydrometric gauges including
the Upper Fraser (UF), Stuart (SU), Nautley (NA), Nechako (NE), Quesnel (QU), North Thompson (NT),
South Thompson (ST), Thompson-Nicola(TN), Chilcotin (CH), Lillooet-Harrison (LH) and Lower Fraser
7

(LF) (Fig. 1.1). Compared to the mean annual discharge of the FRB at Hope gauge station, the six largest
sub-basins contribute 75% of streamﬂow, the UF leading with 29.3% followed by the TN - 28%, QU - 8.7%,
SU - 4.8%, CH - 3.2% and the NA with 1.1% (Kang et al., 2016). Timing and magnitude of peak discharge
varies across sub-basins, occurring in May to June in the UF but not until July to August in the CH (Kang
et al., 2014). Only 1.5% of the FRB is glaciarized and most sub-basins have little to no glacial coverage
with the highest fractions in the CH and LH (6.8% and 8.3% respectively, (Kang et al., 2014).

In the interest of leveraging the longest and most temporally-complete instrumental streamﬂow data
that are relevant to spring freshet and summer drought events across the greater FRB, this study focuses
on reconstructing streamﬂow for the Upper Fraser Basin (UFB), as measured at the Shelley gauge station
(Table 1.1) which covers 1950 to 2017. The UFB represents the headwaters of the watershed and exerts
the largest hydrologic inﬂuence on main stem FRB ﬂows as measured at the Hope BC gauge (29% of
total annual ﬂows) (Curry and Zwiers, 2018). River Forecast Centre ﬂow models give the time that UFB
runoff measured at Shelley gauge station needs to reach Hope gauge station (>1month; (Ferrari et al.,
2007)) as only approximately 2 1/2 days, emphasizing the two systems are tightly linked (River Forecast
Centre, 2012). A recent study of changes in streamﬂow timing of the Fraser demonstrated that through
tracking ﬂow for the UFB and the TN it is possible to track low periods for the FRB (Kang et al., 2016) further underlining the importance of the UFB. Annual maximum snow water equivalent (SWE) is the best
predictor for both UFB peak ﬂows (Curry and Zwiers, 2018) and low ﬂows (Kang et al., 2016) of greatest
concern for future risk under climate change and of primary interest for this study.

Table 1.1: Information on gauge station used in this study
Station name
Station I.D. Latitude Longitude Drainage area [km2 ] Start year End year
Fraser River at Shelley 08KB001 54.00367 -122.62475
32400
1950
2017

1.6 Dendroclimatology and Dendrohydrology in BC
Dendroclimatology and dendrohydrology describe the use of TR records as sources of information or
proxies for environmental variables in climatological and hydrological studies. The use of TRs as sources
8

of environmental information was developed by Andrew E. Douglass who ﬁrst used TRs as records of
precipitation at the beginning of the 20th century in the US state of Arizona (Fritts, 1976). He was the ﬁrst
to establish many of the principles (crossdating, chronology building, etc) that build the basis of modern
dendrohydrology (Fritts, 1976). Over time the range of applications for TRs has moved from the historical use for reconstructions of annual water-year runoff in semi-arid regions to seasonal reconstructions
of various climate variables including snow water equivalent (Woodhouse, 2003) and Palmer Drought
Severity Index (Cook et al., 2004). Today, dendroclimatological and dendrohydrological reconstructions
are used worldwide to calibrate Global Circulation Models (Anchukaitis et al., 2010), inform water management (Coulthard et al., 2016; Woodhouse; Kang et al., 2014), investigate potential links of earthquakes
and rockfall (Stoffel et al., 2019) and long-term pattern of precipitation (Wilson et al., 2012), reconstruct
glacier mass balance (Watson and Luckman, 2004a; Marcinkowski and Peterson, 2015; Wood et al., 2011)
to give a few examples.

Dendroclimatology and dendrohydrology invoke the Uniformitarian Principle which states that the
biological and physical processes linking tree growth and climate variables in the present also existed in
the past (Fritts, 1976; Speer, 2010). This is important as it builds the theoretical foundation for the use
of present-day TR and climate relationships to draw conclusions about past climate conditions (Fritts,
1976; Speer, 2010). The biological and physical processes of climate variables acting as limiting factors
of tree growth in speciﬁc growing environments is described by the Principle of Limiting Factors (Fritts,
1976). It relates how out of three primary factors required for tree growth (sunlight, water, nutrients), the
variable that is in most limited supply will control the annual radial growth increments of trees (Fritts,
1976; Speer, 2010). The Principle of Site Selection (Fritts, 1976; Speer, 2010) capitalizes on these limitations and describes how physical and climatological characteristics of sites can increase the limitation
exerted on tree growth by a climate variable. Related to this is the Concept of Ecological Amplitude
detailing species-speciﬁc ranges of habitats in which species growing at their ecological amplitude will
experience greater limitation and thus higher stress which will be incorporated into TRs as signal of the
limiting factor. Equally important for dendrohydrological studies is the Principle of Replication, which
describes how the use of more than one sample per tree and multiple trees per site increases the common climate signal of the average chronology. This is due to the climate signal being shared by the trees,
while the biological growth signal is individual to each tree and will be minimized through the detrend9

ing and averaging of the width measurements (Fritts, 1976, 1971; Bradley, 2011; Hughes, 2011).

Although northern, cooler and wetter environments in Canada were long considered to have little dendroclimatological potential (Watson and Luckman, 2006), multiple studies have demonstrated
the utility of conifer species for dendroclimatological and dendrohydrological reconstruction across the
province of BC. Total ring width, maximum latewood density, and blue intensity measurements of Engelmann spruce (Picea engelmanii Parry) radial growth have each served as high-quality temperature
proxies, used for mean and maximum summer temperature reconstruction in the Canadian Rockies (St.
George and Luckman, 2001; Watson and Luckman, 2006) and interior BC (Wilson and Luckman, 2003).
These chronologies feature heavily in the Past Global Changes 2k network of Common Era temperature
proxies (Emile-Geay et al., 2017; Wilson et al., 2016). The relationship of tree growth to temperature is
imparted via minimum temperatures needed at treeline or in boreal zones to promote the start of growth
(Rossi et al., 2008, 2007, 2014). Temperature also affects the lignin content of the secondary cell wall layer
in latewood and proportional to the lignin content differing levels of UV absorption can be measured as
Blue Intensity metric and thus used as temperature proxy (Heeter et al., 2020; Gindl et al., 2000; McCarroll et al., 2002; Sheppard et al., 1996; Wilson et al., 2016).

TR width measurements of Mountain hemlock (Tsuga mertensiana (Bong.) Carrière) annual radial
growth are also occasionally sensitive to annual temperature variability (Pitman and Smith, 2012) but
have most widely served, along with total ring width records of Amabilis ﬁr (Abies amabilis (Dougl.)
ex. Louden) as proxies for annual snowpack variability in BC, for instance in the south coastal region
(Coulthard, 2015), the Stikine watershed in northern BC (Welsh et al., 2019), and the southern Coast
Mountains (Mood et al., 2020). The limitation through snow is most often given as the inability of trees
to take up water while under high snowpacks as the insulation through the snowpack keeps soil moisture
viscosity too high for trees to use (Kozlowski, 1964; Coulthard, 2015; Peterson and Peterson, 1994).

Conifers in BC may also serve as proxies for precipitation on annual or sub-annual timescales. In arid
or semi-arid regions trees can be sensitive to precipitation when the available soil moisture from rain or
snow melt water is low (Meko and Woodhouse, 2011). This limitation can occur on low elevation sites
where soil moisture availability is limited during the summer and has been leveraged in precipitation re10

constructions for analysis of drought patterns (Watson and Luckman, 2005; Axelson et al., 2009). Reconstructions of annual precipitation for three sites in the southern Canadian Rockies were constructed from
Douglas-ﬁr (Pseudotsuga menziesii (Mirb.) Franco) chronologies that explained 50 to 60% of variability
in the instrumental record during the calibration period (Watson and Luckman, 2001). A large network
consisting of 53 Douglas-ﬁr and ponderosa pine (Pinus ponderosa Dougl. ex P. & C. Laws.) chronologies
from semi-arid sites in the southern Canadian Cordillera was also used to reconstruct annual precipitation for the region revealing possible links to large scale climatic anomalies (Watson and Luckman,
2004b).

TR based streamﬂow reconstructions in BC have only recently been completed with statistical rigour,
and typically draw on a combination of TR proxy types sensitive to different climate variables that also
drive runoff. Importantly, these studies have generally demonstrated that streamﬂow reconstructions
are possible in this setting when sub-annual timescales are targeted. For example, Hart et al. (2010) used
a multi-species approach utilizing both Engelmann spruce and mountain hemlock chronologies to develop a June-July streamﬂow reconstruction of the Chilko River in the Coast Mountains of BC, resulting
in one of the ﬁrst statistically robust dendrohydrologic reconstruction (r2 = 52%) in the province (Hart
et al., 2010). Another multi-species study utilized ﬁve species (western hemlock (Tsuga heterophylla
(Raf.) Sarg.), western red cedar (Thuja plicata Donn ex. D.Don), Douglas-ﬁr, yellow cedar (Callitropsis
nootkatensis (D.Don) Oerst.), subalpine ﬁr (Abies lasiocarpa (Hooker) Nuttall)) to reconstruct streamﬂow
in two nival-regime rivers (Starheim et al., 2013). The reconstructions of July-August streamﬂow for the
Atnarko and Skeena River explain 28% and 44% of variability in the instrumental record (Starheim et al.,
2013). Coulthard et al. (2016) and Coulthard and Smith (2016) later used a data-driven approach drawing on a posteriori knowledge of the climate variables controlling both TR chronologies and seasonal
runoff to develop drought-season streamﬂow reconstructions for small watersheds in south coastal BC,
demonstrating that recent severe droughts were not outside the range of natural variability over the past
500 years and are likely to become much worse in coming decades. Notably, these drought reconstructions have statistical power comparable to classic semi-arid reconstructions such as those of the Colorado River (r2 = 64%).

Overall, despite the promise of TR based climate and streamﬂow reconstruction in BC indicated by
11

these prior studies, existing work has focused either on broad-scale temperature reconstructions that
contributed to Northern Hemisphere temperature modeling (Wilson et al., 2016; Emile-Geay et al., 2017),
precipitation reconstructions for the southwestern region of the province, or small-, local-scale streamﬂow reconstructions (Hart et al., 2010; Coulthard et al., 2016; Coulthard and Smith, 2016).

High-resolution, TR based paleostreamﬂow modeling for the FRB has thus far been precluded by the
traditional dendrohydrological approach, which links TR records sensitive to water-year precipitation
with large semi-arid watersheds whose total annual runoff is also controlled by water-year precipitation
(Woodhouse et al., 2006; Meko et al., 2007; Woodhouse). The hydroclimatic, biogeographic, and topographic complexity of the FRB means that water-year ﬂow reconstructions are not only unfeasible but
also not meaningful from a water resources management standpoint. The streamﬂow reconstruction
most relevant to the FRB is likely that developed for the Columbia River main stem which set an important precedent for the ability to develop dendrohydrological reconstructions of the type proposed here
and used a similar combination of SWE- and temperature- sensitive TR chronologies (Littell et al., 2016).
Two different reconstruction methods were used and the best reconstruction explained 59% of historical
variability reaching back to 1609 CE (Littell et al., 2016). Further analysis of low and high ﬂows revealed
that droughts of similar impact as those during the 1920s and 1940s have occurred before but appear to
be rare while high ﬂows are accurately represented by the instrumental records with one period of more
extreme high ﬂows from the 1680s to 1740s (Littell et al., 2016).

Unlike the traditional water-year approach developed to conduct dendrohydrology in semi-arid watersheds, here I employ a data-driven approach, based on a posteriori knowledge of the climate variables
that control both TRs and seasonal runoff, for the selection of TR proxies and reconstruction period. The
aim is to independently reconstruct freshet-season and drought-season streamﬂow for the FRB. This is
made possible by the fact that both freshet-season and drought-season streamﬂows in the UFB are primarily controlled by April 1 SWE and spring temperatures (Curry and Zwiers, 2018; Shrestha et al., 2012).
Two types of TR chronologies are therefore used, a set that are sensitive to April 1 SWE and a set that are
sensitive to seasonal temperature variability.
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1.7 Upper Fraser Basin
The UFB covers a gauged area of 32,400 km² with a mean elevation of 1413 m (1.1) and only 3% glacier
coverage (Déry et al., 2012; Kang et al., 2016). Snow-melt contributions to runoff generation have experienced greater declines in the UFB (-200 mm) than in any other FRB sub-basin, suggesting it is particularly
sensitive to recent climate changes (Kang et al., 2014). Given that there has been no recent change in UFB
total annual runoff amount, these declines are attributed to a 1.4°C rise in mean annual air temperatures
and associated reduction of snow accumulation from 1949 through 2006 (Kang et al., 2014). This trend
is only projected to intensify as the rate of warming in the UFB between 1949 and 2006 was estimated
to have been higher (0.4°C decade-1 ) then in all other sub-basins (0.2°C decade-1 ) (Kang et al., 2014).
Considering that multiple studies suggest the entire FRB could transition from a nival towards a pluvial
system (Morrison et al., 2002; Shrestha et al., 2012; Kerkhoven and Gan, 2011) the shift is likely to occur
in the UFB as well. Research into the effect of climate change on the UFB analysed ensembles of eight
GCMs with three emissions scenarios and found projected increases in median annual temperature of
1.8 to 2.5°C as well as increases in median annual precipitation of 10 to 11% by the 2050s compared to
the 1970s (Shrestha et al., 2012). There is also a seasonal change in discharge patterns with an increase in
spring and a decrease during summer linked to changes in precipitation and earlier snowpack depletion
(Shrestha et al., 2012) which dependent on the timing of temperature changes could impact the ﬂood
risk of the basin (Hamlet and Lettenmaier, 2007). Islam and Déry (2017) investigated changes in the
contribution of snow to runoff generation for the 2050s compared to the 1990s and project decreases of
−8.5 ± 7.0% under the controlled emissions scenario and −12.5 ± 8.7% for the rising emissions scenario.
This is in line with ﬁndings by Shrestha et al. (2012) whose GCM ensemble median predicts decreases in
April 1st SWE of between -6% and -17% when comparing 1970s and 2050s and runoff changes between 7
and 10% depending on emissions scenarios.

1.8 Hypotheses
Recent climate shifts have resulted in an intensiﬁcation of both spring freshets and summer droughts
in the UFB (Kang et al., 2016), potentially within the same year (Shrestha et al., 2012). Given these
changes, and associated hydrologic risks, are only projected to worsen under future warming (Shrestha
et al., 2012), this thesis addresses the following hypotheses:
13

1. The duration and/or magnitude of freshets and droughts in the UFB during the observed period
falls outside of the natural range of ‘natural variability’ deﬁned by long-term reconstructed records.
2. The statistical probability of high freshet and drought events during the most recent 30 year climatology in the UFB is unprecedented relative to long-term reconstructed records.
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Chapter 2
Methods
2.1 Hydrological Data
Gauged daily and monthly streamﬂow datasets were extracted from the Environment and Climate
Change Canada Historical Hydrometric Data web site (https://wateroffice.ec.gc.ca/mainmenu/

historical_data_index_e.html) on January 27th , 2020. The Fraser River at Shelley station (Table 1.1)
was selected because it has a long, continuous (no missing monthly values) measurement record from
1950 to 2017 that has been previously used to study the UFB (Curry and Zwiers, 2018) and is generally
representative of full Fraser Basin seasonal streamﬂow (Stephen D’ery, pers. comm.).

Distributions of daily discharge data were examined using box and whisker plots (Fig. 1.2), and in
combination with monthly runoff patterns informed the selection of spring freshet and summer drought
seasons for reconstruction. The rising limb of the hydrograph was used to identify the monthly freshet
timing while the recession limb was used to identify the drought season. All months contained in the
hatched lines in Fig. 1.2 were considered as candidate months for potential reconstructions, the ﬁrst
section of tighter-hatched months were considered for potential freshet reconstructions and the second
hatched set of months for a potential drought reconstruction. Monthly and/or seasonal runoff datasets
were then developed based on the results, and a Shapiro-Wilk test was used to test the normality of
each dataset. A natural logarithmic transformation was applied to non-normal monthly and/or seasonal runoff records to meet the requirements of linear regression for the subsequent reconstructions.
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2.2 Tree Ring Data
TR chronologies were selected and/or sampled for this study with the goal of developing high-resolution
paleoenvironmental proxies of cool-season precipitation and seasonal temperature which are, in turn,
drivers of streamﬂow in each of the two reconstruction seasons. TR datasets come from a previously
existing network of TR chronologies developed by B. L. Coulthard, raw measurements downloaded from
the International Tree Ring Databank (ITRDB, https://www.ncdc.noaa.gov/data-access/paleocli

matology-data/datasets/tree-ring), and six new TR chronologies sampled in summer 2019 for this
study. Four of the chronologies downloaded from the ITRDB were also updated (resampled) in summer
2019.

Table 2.1: Tree-ring sample sites and chronology information for chronologies used in this study, listed ﬁrst are
sites for chronologies developed in the HYTRAC Lab with information on updated chronologies where appropriate.
File names are listed due to use as references to the chronologies in subsequent analysis.
Sample code
Site name

Species

Lat/Lon

(ﬁle name)

Elevation
Sample year

Proxy type

Updated

Author

(m asl)

chronology
(this study)

Upper Joffre Lakes

TSME

50.353066 N

1430

-122.483366 W
M Gurr

TSME

52.291243 N

1310

-126.891084 W
Sicamous

PCEN

N/A

JOF

SWE

2019
MGU

N/A

Inga Homfeld
SWE

2019
1634

Bethany L. Coulthard

Bethany L. Coulthard

Dan Smith

Inga Homfeld

1682 - 2010

SIC

Summer

Bethany L. Coulthard

Roberta Parish

2019

temperature

Inga Homfeld

1665 - 1994

PEY

Summer

Bethany L. Coulthard

Fritz
Peyto Lake

PCEN

51.711048 N

2102

-116.51184 W

Schweingruber
2019

temperature

Inga Homfeld
1634 - 1983
Rob Wilson,

Revelstoke

PCEN

N/A

1575

REV

Summer

Bethany L. Coulthard

2019

temperature

Inga Homfeld

Brian Luckman
1718 - 1997

Train Trailhead

TSME

N/A

N/A

TTH ts

SWE

2019
Train Trailhead

ABAM

N/A

N/A

TTH am

TSME

N/A

N/A

CHU

SWE

PIPO

50.536483 N

N/A

-121.274161 W
Wilcox trail

Upper Joffre Lakes

PCEN

ABAM

N/A
50.353066 N

SWE

TSME

49.243543 N

N/A

1430

N/A

TSME

50.353066 N
-122.483366 W

Dan Smith

Inga Homfeld

1658 - 1999

Bethany L. Coulthard

WIL

Summer

Bethany L. Coulthard

temperature

Inga Homfeld

SWE

CKL

JOF
2018

N/A

Bethany L. Coulthard

N/A

N/A

Becky Brice
SWE

2018
N/A

Bethany L. Coulthard

2019
JOF

N/A

Inga Homfeld

2019

-124.588266 W
Joffre (Upper)

SWE

2019

-122.483366 W
Mt. Cokely

SP

Bethany L. Coulthard
Inga Homfeld

2019
Spatsum

N/A

Inga Homfeld

2019
Mt Cheam

Bethany L. Coulthard

Bethany L. Coulthard

N/A

Becky Brice
SWE

Bethany L. Coulthard

N/A

Becky Brice
Continued on next page
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Table 2.1 – Continued from previous page
Sample code
Site name

Species

Lat/Lon

(ﬁle name)

Elevation
Sample year

Proxy type

Updated

Author

(m. asl.)

chronology
(this study)

Joffre (Lower)

TSME

50.366367 N

N/A

-122.502090 W
Rough Creek

PIPO

50.527436 N

N/A

-121.736481 W
Gunn Creek

TSME

50.893450 N

PIPO

50.536483 N

N/A

PIPO

50.536483 N

N/A

Peyto Lake

PCEN

PCEN

N/A
51.711048 N

N/A

Sarrail Glacier

PCEN

PCEN

(cana099)

N/A
50.57

CLC

SPS

SPF

1634

N/A

Bethany L. Coulthard

N/A

Becky Brice
SWE

Bethany L. Coulthard

N/A

Becky Brice
SWE

Bethany L. Coulthard

N/A

Becky Brice
SWE

2018

Bethany L. Coulthard

N/A

Becky Brice

BI SIC

Summer

Karen Heeter

2019

temperature

Grant Harley

N/A

BI PEY

Summer

Grant Harley

2019

temperature

Karen Heeter

BI REV

Summer

Karen Heeter

2019

temperature

Grant Harley

N/A

SAR

SWE

Dan J. Smith

N/A

N/A

711

SWE

Fritz Schweingruber

N/A

N/A

694

Fritz Schweingruber

N/A

2102

-116.51184 W
Revelstoke

SWE

2018

-121.274161 W
Sicamous

RCR

Bethany L. Coulthard
Becky Brice

2018

-121.274161 W
Spatsum (fan)

SWE

2018

-122.777088 W
Spatsum (slope)

LJO
2018

1575

N/A

N/A

-115.15

Vancouver Cyprus
Provincial Park

TSME

49.42
-123.08

(cana11)
Arrowsmith Mtn.

TSME

(cana113)
Towers Ridge

PIFL

(cana135)
Crowsnest Pass

PIFL

PIFL

ABAM

PCEN

PCEN

N/A

mt2

49.58

50.22

PCEN

N/A

mt3

SWE

G. M. MacDonald,

N/A

SWE

G. M. MacDonald,

N/A

R. A. Case
N/A

CAI

49.43

N/A

Y98

50.57

N/A

P98

49.73

N/A

B98

-118.93
PCEN

(cana238)

N/A

Roberta Parish

N/A

50.7

N/A

C98

121.45

Summer

Rob Wilson,

temperature

Brian Luckman

N/A

Summer

Rob Wilson,

temperature

Brian Luckman

N/A

Summer

Rob Wilson,

temperature

Brian Luckman

N/A

Summer

Rob Wilson,

temperature

Brian Luckman

Grays Creek
Pass Recollection

N/A

R. A. Case

-118.57

(cana234)
Cornwall Hills

49.58

G. M. MacDonald,
R. A. Case

-117.15

(cana231)
Big White 2

SWE

-126.35

(cana228)
Park Mountain

mtr

-114.2

(cana174)
Ymir

N/A

-114.22

(cana137)
Mount Cain

51.17

Summer
temperature

-114.67

(cana136)
Lundbreck Falls

49.15
-125.23

N/A

M. Colenutt, R. Colenutt,
LALY

49.5833

N/A

G06

SWE

B. Luckman, E. Watson,

N/A

-116.6833
(cana308)

G. Pederson

Douglas Fir
Ecological Area

David Sauchyn,
PSME

52.19

N/A

DEA

SWE

Jessica Vanstone,

N/A

-116.44
(cana 327bf)

Cesar Perez-Valdivia
David Sauchyn,

Sifﬂeur Ridge

PIFL

(cana328bf)

52.048

N/A

SFR

SWE

Jessica Vanstone,

N/A

-116.398
Cesar Perez-Valdivia

Saskatchewan
Crossing

David Sauchyn,
PIFL

51.97

N/A

SKC

SWE

Jessica Vanstone,

N/A

-116.72
(cana329)

Cesar Perez-Valdivia
Continued on next page
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Table 2.1 – Continued from previous page
Sample code
Site name

Species

Lat/Lon

(ﬁle name)

Elevation
Sample year

Proxy type

Updated

Author

(m. asl.)

chronology
(this study)

Whiterabbit
Creek

David Sauchyn,
PSME

52.072

N/A

WRC

SWE

Jessica Vanstone,

N/A

-116.388
(cana331)
Callum Creek

Cesar Perez-Valdivia
PSME

(cana334)

50

N/A

CAL

SWE

David Sauchyn

N/A

N/A

ELK

SWE

David Sauchyn

N/A

N/A

OMR

SWE

David Sauchyn

N/A

N/A

SIP

SWE

David Sauchyn

N/A

N/A

WCH

SWE

David Sauchyn

N/A

N/A

WSC

SWE

David Sauchyn

N/A

N/A

DCK

SWE

-114.2

Emerald Lake
Crowsnest Pass

PIFL

49.6
-114.6

(cana335bf)
Old Man Ridge
Whaleback Ridge

PSME

49.9
-114.2

(cana336)
Stoney Indian Park
Stoney Indian Reserve

PSME

51.13
-114.98

(cana337)
Wildcat Hills

PSME

(cana338bf)

51.3
-114.7

West Sharples
Creek

PSME

49.9
-114.1

(cana339)
Dutch Creek

PSME

(cana343)

49.9
-114.4

Cesar Perez-Valdivia,

N/A

David Sauchyn

Little Bob Creek
Whalebacks

PSME

49.9

N/A

LBC

SWE

David Sauchyn

N/A

TWO

SWE

Jessica Vanstone,

N/A

-114.2
(cana347)
Two O’Clock
Creek

David Sauchyn,
PSME

52.06

N/A

-116.43
(cana350)
Bennington

Cesar Perez-Valdivia
PIAL

(cana351bf)
French Glacier

LALY

(cana352bf)
Grassy Mountain BC

PIAL

LALY

50.75

N/A

FR

49.5667

N/A

Y98

Summer

Brian Luckman,

temperature

Don Youngblut

Summer

Margaret Colenutt,

temperature

Brian Luckman

SWE

51.35

PIAL

52.15

N/A

LV

SWE

ABLA

50.59

N/A

N/A

Margaret Colenutt,

N/A

Brian Luckman
N/A

S

SWE

-117.0833

(cana464)

Don Youngblut,

N/A

Brian Luckman

-116.2167

(cana357bf)
Hurley Road

B6

-116.0833

(cana355)
Saskatchewan

N/A

-115.3167

(cana353bf)
Larch Valley

52.6833
-118.3333

Don Youngblut,

N/A

Brian Luckman
N/A

HUSAF

SWE

-123.59

Dan J. Smith,

N/A

Bethany L. Coulthard
Dan J. Smith,

Cream Lake

TSME

(cana465)

49.48

N/A

95CR

SWE

Bethany L. Coulthard,

N/A

-125.53
Colin Laroque
Dan J. Smith,

Douglas Peak

TSME

(cana466)

49.14

N/A

96F

SWE

Bethany L. Coulthard,

N/A

-124.64
Colin Laroque

Franklin Glacier

TSME

(cana467)
Joffre Lakes
(cana468)

51.27

N/A

FGMH

SWE

-125.43
TSME

50.35

Dan J. Smith,

N/A

Bethany L. Coulthard
N/A

JLMH

-122.48

SWE

Dan J. Smith,

N/A

Bethany L. Coulthard
Continued on next page
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Table 2.1 – Continued from previous page
Sample code
Site name

Species

Lat/Lon

(ﬁle name)

Elevation
Sample year

Proxy type

Updated

Author

(m. asl.)

chronology
(this study)
Dan J. Smith,

M. Gurr Lake

TSME

(cana469)

52.28

N/A

10MG

-126.89

Summer
Bethany L. Coulthard,

N/A

temperature
Kara Pitman
Dan J. Smith,

Mount Becher

TSME

(cana470)

49.65

N/A

97I

SWE

Bethany L. Coulthard,

N/A

-125.2
Colin Laroque
Dan J. Smith,

Mount Cain

TSME

(cana471)

50.22

N/A

97N

SWE

Bethany L. Coulthard,

N/A

-126.35
Colin Laroque
Dan J. Smith,

Mount Porter

TSME

(cana472)

49.31

N/A

96H

SWE

Bethany L. Coulthard,

N/A

-125.23
Colin Laroque
Dan J. Smith,

TAD Ridge

TSME

(cana473)

48.69

N/A

96B

SWE

Bethany L. Coulthard,

N/A

-124.29
Colin Laroque
Dan J. Smith,

Wapiti Ridge

TSME

(cana474)

48.99

N/A

96C

SWE

Bethany L. Coulthard,

N/A

-124.43
Colin Laroque
Dan J. Smith,

Surprise Glacier

ABLA

(cana475)

56.2

N/A

03SG

SWE

Bethany L. Coulthard,

N/A

-129.59
Scott Jackson
Dan J. Smith,

Nusatsum Pass

TSME

(cana476)

52.22

N/A

10NS

SWE

Bethany L. Coulthard,

N/A

-126.34
Colette Starheim
Dan J. Smith,

Hump Lake

TSME

(cana477)

52.43

N/A

97HP

SWE

Bethany L. Coulthard,

N/A

-125.89
Ze’ev Gedalof
Dan J. Smith,

Mount Hayes

TSME

(cana478)

54.34

N/A

05KMH

SWE

Bethany L. Coulthard,

N/A

-130.32
Kelly Penrose
Dan J. Smith,

Extew River

TSME

(cana479)

54.47

N/A

50KER

SWE

Bethany L. Coulthard,

N/A

-129.12
Kelly Penrose
Dan J. Smith,

Cable Spur

TSME

(cana480)

54.85

N/A

05KCS

SWE

Bethany L. Coulthard,

N/A

-127.56
Kelly Penrose

Tzeetsaytsul
Glacier

Dan J. Smith,
ABLA

52.58

N/A

97TZ

SWE

Bethany L. Coulthard,

N/A

-126.36
(cana481)

Ze’ev Gedalof
Dan J. Smith,

Bridge Glacier

ABLA

(cana482)

50.78

N/A

03BG4

SWE

Bethany L. Coulthard,

N/A

-123.48
Sandra Allen
Dan J. Smith,

Byamee Glacier

ABLA

(cana483)

51.63

N/A

01G4

SWE

Bethany L. Coulthard,

N/A

-125.19
Sonya J. Larocque
Dan J. Smith,

Jacobsen Glacier

ABLA

(cana485)

52.07

N/A

10JCB

SWE

Bethany L. Coulthard,

N/A

-126.13
Colette Starheim
Dan J. Smith,

Liberty Glacier
(cana486)

ABLA

51.59

N/A

01C4

SWE

Bethany L. Coulthard,

N/A

-124.83
Sonya J. Larocque
Continued on next page
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Table 2.1 – Continued from previous page
Sample code
Site name

Species

Lat/Lon

(ﬁle name)

Elevation
Sample year

Proxy type

Author

(m. asl.)

Updated
chronology

(this study)
Dan J. Smith,
Oval Gacier

ABLA

(cana487)

51.48

N/A

OOB

SWE

Bethany L. Coulthard,

N/A

-125.24
Sonya J. Larocque
Dan J. Smith,

Ragnarok Glacier

ABLA

(cana488)

51.61

N/A

01T4

SWE

Bethany L. Coulthard,

N/A

-125.31
Sonya J. Larocque

Berendon Glacier

ABLA

(cana489)

56.26

N/A

03BER

SWE

-130.04

Dan J. Smith,

N/A

Bethany L. Coulthard
Dan. J. Smith,

Blue Jay Lake

TSME

(cana490)

52.28

N/A

10BJ

-126.9

Summer
Bethany L. Coulthard,

N/A

temperature
Kara Pitman
Dan J. Smith,

Cathedral Glacier

TSME

(cana491)

51.24

N/A

01J2

SWE

Bethany L. Coulthard,

N/A

-124.87
Sonya J. Larocque
Dan J. Smith,

Cathedral Glacier

ABLA

(cana492)

51.24

N/A

01J4

SWE

Bethany L. Coulthard,

N/A

-124.87
Sonya J. Larocque
Dan J. Smith,

Escape Glacier

ABLA

(cana493)

51.61

N/A

10000

SWE

Bethany L. Coulthard,

N/A

- 125.12
Sonya J. Larocque
Dan J. Smith,

Hope Glacier

ABLA

(cana494)

51.52

N/A

01A4

SWE

Bethany L. Coulthard,

N/A

-124.89
Sonya J. Larocque
Dan J. Smith,

Manatee Glacier

ABLA

(cana495)

50.61

N/A

06MG

SWE

Bethany L. Coulthard,

N/A

-123.69
Lynn Koehler
Dan J. Smith,

Mount Cheam

TSME

(cana497)

49.16

N/A

99H4

SWE

-121.69

Bethany L. Coulthard,

N/A

Dave Lewis,
Colin Laroque
Dan J. Smith,

Oval Glacier

TSME

(cana498)

51.48

N/A

00B

SWE

Bethany L. Coulthard,

N/A

-125.24
Sonya J. Larocque

Rowe Lakes
(cana530)

LALY

49.0333

N/A

RL

-114.0333

Rutherford Creek

50.16

MHcd (ruth)

-122.53

N/A

Summer

Margaret Colenutt,

temperature

Ray Colenutt

SWE

Dan J. Smith

N/A

N/A

Bethany L. Coulthard

The Coulthard and ITRDB chronologies were developed using the statistical methods described below and underwent a climate sensitivity analysis prior to this study involving correlation and partial
correlation analyses with climate (temperature, precipitation, SWE) and streamﬂow data for individual
months and seasons to identify chronologies that may serve as proxies for climate in an FRB freshet- or
drought-season runoff model (results not shown). A combination of SWE-sensitive and temperaturesensitive TR chronologies were targeted because these climate variables are main drivers of streamﬂow
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in the FRB and UFB (Kang et al., 2014; Curry and Zwiers, 2018). Chronologies that met correlation criteria were selected for updating in summer 2019 (Table 2.2).

Six new sample sites that did not have pre-existing TR chronologies were then selected to ﬁll spatial
gaps in the Coulthard and ITRDB network, based on the Principal of Site Selection, Principle of Limiting
Factors, and Biogeoclimatic maps (Biogeoclimatic Ecosystem Classiﬁcation and Ecology Research program, 2018). For SWE-sensitive chronologies, sample sites were located between 600 and 2500 m above
sea level, in north-facing and/or topographically shaded forest stands where growth may be limited by
the length of the growing season determined by the snowpack as previously described (Coulthard et al.,
2020). For temperature-sensitive chronologies, high elevation sites close to the treeline were chosen,
where summer temperature is most likely to be the limiting factor controlling total annual ring width
increments as previously described (Rossi et al., 2007; Vaganov et al., 2010).

The six new chronology sites as well as the four chronology update sites were sampled using standard dendroclimatological methods. A minimum of 20 trees were sampled at each sample site, with two
core samples extracted from each tree (Principle of Replication) using a 5.0 mm Haglöf increment borer.
Trees were selected based on minimal outward evidence of disturbance (eg. mass movement, insects,
wind). For trees situated on a slope, cores were extracted parallel to the slope contour to avoid compression and extension wood (Stokes and Smiley, 1968; Fritts, 1976). Cores were stored in 2’ plastic straws
for transportation to the HYTRAC Lab where they were mounted on slotted boards and surfaced with increasingly ﬁner grits of sanding paper from 60p to 1200p until unicellular ring structures became visible.
The rings were then annually dated and the total (RW), earlywood (EW), and latewood (LW) widths measured to an accuracy of 0.001 mm with a Velmex measuring stage system and Tellervo software (Brewer,
2014). Distinction of the boundary between early- and latewood was deﬁned as the point where more
than half of the cells showed a reduction of cell volume and ligniﬁcation. Next each sample was crossdated visually (list method) and statistically using the program COFECHA (Version 6.02; (Holmes, 1983)).
The specimens that were collected as updates existing chronologies (Table 2.2) were then combined with
existing raw ring-width measurement datasets through statistical crossdating using COFECHA (Version
6.02; (Holmes, 1983). Statistical crossdating was also performed for ﬁve HYTRAC chronologies (Table
2.2), for two chronologies from the Joffre lake site (one each from 2018 and 2019) and three from the
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Spatsum (from 2019), Spatsum slope and Spatsum fan site (both 2018).

Once crossdated, the potentially temperature-sensitive Engelmann spruce chronologies (Sicamous,
Revelstoke and Peyto Lake) were shipped to collaborators at the Idaho Tree-Ring Lab (ITRL) at the University of Idaho Department of Geography. There the samples were processed by K. Heeter and G. Harley
who produced one total ring width blue intensity (BI) and one latewood BI (LWB) chronology per site. For
this the samples were sanded again with a ﬁner grit size (hand sanding with 9μm ﬁlm (Speer, 2010; Heeter
et al., 2020) and did not require any chemical treatment as discolourations due to heartwood/sapwood
differences were minimal in these specimens. Next samples were scanned at 2400 dpi on an Epson Expression 12000XL scanner using an IT8.7/2 calibration card coupled with the 89 SilverFast software to
ensure replication (Heeter et al., 2020). Cores with a large proportion of traumatic resin ducts across the
entire width of a ring, and/or fungal stains, were excluded to ensure accurate blue reﬂectance values.
Next, RW measurements (non-BI; not used in this study) were collected using the automated detection program CooRecorder (Larsson, 2014) which generates RW measuremets to the nearest 0.001 mm
precision, and these measurements were once again checked for dating accuracy using the COFECHA
software (Holmes, 1983). Following this the actual BI values were measured using CooRecorder (Larsson,
2014).

Raw measurement series from all HYTRAC, BI, Coulthard and ITRDB chronologies were detrended,
standardized, and chronologies representing average tree growth at that site developed using the R package dplR (Bunn, 2008). Detrending involves the statistical removal of non-climatic trends in TR width
measurements such as known biological growth trends (Fritts, 1976) to enhance climate signal (Speer,
2010). Various detrending methods were sensitivity-tested and a negative exponential curve (Fritts et al.,
1969) was selected as a primary choice, or where that failed, a linear model to be ﬁtted as ﬁrst alternative
and a line through the mean as second alternative in case of a non-positive slope for the linear model
(Bunn, 2008). Detrended series were then prewhitened by Autoregressive Modelling (ARMA) to further
isolate climate signal in TR measurements (Cook and Briffa, 1990; Cook and Peters, 1997). Prewhitening is sometimes applied because TR chronologies are often autocorrelated, meaning a speciﬁc year’s
growth inﬂuences the growth of one or multiple following years (LaMarche, 1974; Speer, 2010), and this
can complicate statistical testing.
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Next, measurement series were statistically standardized and aggregated as dimensionless growth
indices, thereby enhancing signal (climate) and diminishing noise (forest disturbance; (Cook and Briffa,
1990)). For each site two of these indices were produced using the arithmetic mean to average each
year’s measurements, resulting in a standard (no prewhitening, contains autocorrelation) and a residual
(prewhitened, no autocorrelation) chronology. When indexing missing rings were treated as .001 measurements.

A set of standard statistical measures were used to assess chronology quality and to determine the
strength of the climate signal including mean sensitivity and the expressed population signal (EPS) (Wigley
et al., 1984; Cook and Briffa, 1990). The EPS describes to what degree a TR chronology from a ﬁnite number of samples is able to reﬂect a hypothetical, perfect TR chronology based on an inﬁnite number of
trees (Wigley et al., 1984). Chronologies were truncated where the EPS fell below 0.80. All new and updated RW-, EW-, LW-width and BI TR chronologies were sorted into groups based on their potential
climate sensitivity (SWE, temperature) to make up a ﬁnal made-for-purpose network of TR chronologies
for the UFB.

Finally, all chronologies were cross correlated with the hydrological data for single month and multiple month periods with correlation signiﬁcance at p<.05. This served to identify a pool of chronologies
that could serve as candidate model predictors for reconstructing freshet-season and drought-season
runoff in the UFB. Correlation tests also helped to identify a set of streamﬂow months and/or seasons
with the greatest potential for a reconstruction. Only chronologies that had at least 40 years of overlap
with the streamﬂow data were used in cross correlation testing. The result was a candidate TR chronology predictor pool for each potential streamﬂow reconstruction month or season.

2.3 Reconstruction development
Forward stepwise multiple linear regression was used to estimate and compare reconstruction models of monthly and/or seasonal UFB streamﬂow based on each month or and/or season’s associated pool
of candidate TR chronology predictors, in MATLAB (The MathWorks, Inc., 2020). Models were tested for
each month/season identiﬁed during the correlation analysis step.
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TR chronology predictors were entered with both negative and positive 1-year and 2-year lags (in
time) to allow TR information of previous and successive years to explain conditions in the given year
(Cook and Kairiukstis, 1990). Models were calibrated over a minimum 40-year period of overlap with observational streamﬂow data, and the model ﬁt and temporal stability of the tree ring-runoff relationship
was validated using a leave-n-out cross-validation where data points are left out one after another while
predictions are made for this data point (Michaelson, 1987), n was deﬁned as 1+2*maxlag, where maxlag
is the maximum positive and negative lag allowed in the model (Meko, 2020).

A suite of diagnostic statistics were computed to guard against model over-ﬁtting and to generally
evaluate the regression model (Rencher and Pun, 1980; Cook and Kairiukstis, 1990). The adjusted R²
statistic is an indicator of the explanatory power of regression models and the reduction of error (RE)
provides a measure of reliability for the estimation (Cook and Kairiukstis, 1990). Analysis of the residuals
for auto-correlation was done using the Durbin-Watson (DW) test for ﬁrst year autocorrelation and the
Portmanteau test which tests the assumption of random residuals without speciﬁcation of which year
(Ostrom, 1990). The statistical signiﬁcance of the regression equation was tested with the F-ratio and
reliability of the predicted values from the model calibration was assessed using the standard error of
the estimate (SE) (Weisberg, 1985).

Based on the statistical tests described above, a single most statistically-robust model was selected
for the freshet season and drought season, respectively. These two reconstruction models form the basis
of the remainder of the thesis.

2.4 Extreme event analysis
To determine if the duration and/or magnitude of freshets and droughts in the UFB during the observed period falls outside of the natural range of ‘natural variability’ deﬁned by long-term reconstructed
records (hypothesis 1), an analysis of extreme event magnitudes and frequencies was separately performed on the freshet-season and drought-season reconstructions during the pre-instrumental and instrumental periods. Extreme events in the freshet-season reconstruction were deﬁned as upper 80th
percentile ﬂow years, and extreme events in the drought-season reconstruction were deﬁned as the bot24

tom 20th percentile ﬂow years, relative to the long-term record means. To ensure an apples-to-apples
comparison, this procedure was performed separately on the pre-instrumental reconstructed data and
instrumental-period reconstructed data for each reconstruction (on reconstructed data only). In order to
compare both extreme event magnitudes and durations, the total number of single and consecutive extreme event years was then computed for the 1) pre-instrumental freshet record, 2) instrumental-period
freshet record, 3) pre-instrumental drought record, 2) instrumental-period drought record (runs analysis, (Meko and Woodhouse, 2011)). A second set of runs analyses was performed for which extreme
events where deﬁned as any year above (freshet) or below (drought) the mean. This approach has the
potential to identify longer-duration extreme event runs that are less severe in magnitude yet highly relevant from a water management standpoint, and that would go undetected using stricter 80th and 20th
percentile event thresholds.

To determine if the probability of extreme freshets and droughts has recently increased (hypothesis
2), the empirical cumulative distribution function (ECDF) was calculated on a 30-year running windows
of each event type (both 80th percentile freshets and 20th percentile droughts, as well as freshet/drought
runs above/below the mean). Events were summed in a moving 30-year window (shifted by 1 year) for
each reconstruction and plotted with ECDF plots.

25

Chapter 3
Results
3.1 Tree-ring data
As part of this project I developed six hydroclimate-sensitive TR chronologies: three Engelmann
spruce chronologies, two Mountain hemlock chronologies, and one Ponderosa pine chronology (Table
3.1). Four of these chronologies were updates to existing datasets (same site and species) that were missing the most recent decades crucial for the analysis presented here. A further set of seven chronologies
that were developed in the HYTRAC Lab were also used in the analysis, plus 63 chronologies from B. L.
Coulthard and the ITRDB. The interseries correlation of the HYTRAC chronologies ranged between 0.314
and 0.732 with noticeable lower values for the latewood chronologies of all sites and mean sensitivity between 0.041 and 0.439. For the other chronologies the interseries correlation ranged from 0.512 and 0.856
while the mean sensitivity ranged from 0.178 and 0.500. After truncating the chronologies according to
the EPS (>0.80) the length varies between 60 and 1169 years and a mean correlation coefﬁcient of the TR
series (RBAR) of 0.126 to 0.640.

Remarkably, cambial reactivation had not occurred in any of the samples collected for this study in
2019 (Spatsum 05/27, Peyto 06/01, Cheam 06/06, MGurr 06/13, Sicamous 06/15, Revelstoke 06/16, Joffre 06/19). This became evident based on crossdating to existing chronologies, and is consistent with
one previous study investigating the timing of annual cambial reactivation at similar latitudes and elevations (Tranquillini, 1979). While the biological processes of growth initiation are well studied, research
concerning the exact timing of the start of cambial activity is rare. A small number of other studies has
linked cambial phenology to elevation, however. For example, a German study found a large inﬂuence
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of elevation where spruce growing at 230 m asl began cambial reactivation 4 weeks earlier than trees at
1350 m (Tranquillini, 1979), and Emmingham found a difference of over seven weeks (April 18/19th vs.
June 4th ) for Douglas ﬁr trees growing in plantation at different elevation of 70/570 m and 1050 m. Onset
of earlywood growth was found to have started in the ﬁrst week of June for mountain hemlock growing
on Vancouver Island, BC (Laroque). Based on these ﬁndings, the ﬁrst complete outer ring was assigned
as 2017 for all chronologies.

Table 3.1: Chronology information for chronologies developed in the HYTRAC Lab ﬁrst, followed by chronologies
from the ITRL, B. L. Coulthard collection and ITRDB. RW = total ring width, EW = earlywood, LW = latewood, BI =
blue intensity.

Chronology Length (years)

Series Series inter- Average mean
(#)

correlation

sensitivity

RBAR

MGU RW

1703 - 2017

46

0.701

0.334

0.449

MGU EW

1703 - 2017

46

0.696

0.383

0.452

MGU LW

1718 - 2017

46

0.458

0.300

0.257

JOF RW

1764 - 2018

77

0.596

0.220

0.250

JOF EW

1793 - 2017

34

0.651

0.242

0.213

JOF LW

1793 - 2017

34

0.384

0.258

0.213

PEY RW

1733 - 2017

72

0.653

0.188

0.247

PEY EW

1838 - 2017

53

0.665

0.212

0.275

PEY LW

1868 - 2017

53

0.401

0.265

0.149

SIC RW

1688 - 2017

86

0.541

0.182

0.380

SIC EW

1778 - 2017

45

0.551

0.179

0.435

SIC LW

1853 - 2017

45

0.314

0.281

0.253

RVU RW

1733 - 2017

84

0.568

0.195

0.162

RVU EW

1733 - 2017

47

0.576

0.206

0.205

RVU LW

1838 - 2017

47

0.349

0.271

0.162

CHU RW

1688 - 2017

62

0.633

0.253

0.275

CHU EW

1763 - 2017

31

0.640

0.254

0.299

CHU LW

1928 - 2002

31

0.416

0.250

0.173

TTH RW AM

1838 - 2017

28

0.597

0.199

0.347

Continued on next page
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Table 3.1 – Continued from previous page
Chronology Length (years)

Series Series inter- Average mean
(#)

correlation

sensitivity

RBAR

TTH EW AM

1838 - 2017

28

0.587

0.229

0.326

TTH LW AM

1928 - 2017

28

0.332

0.262

0.226

TTH RW ts

1748 - 2017

22

0.596

0.274

0.301

TTH EW ts

1748 - 2017

22

0.589

0.313

0.297

TTH LW ts

1943 - 2017

22

0.356

0.268

0.172

WIL RW

1703 - 2017

46

0.680

0.180

0.322

WIL EW

1703 - 2017

46

0.673

0.201

0.321

WIL LW

1913 - 2017

46

0.333

0.239

0.126

RCR RW

1912 - 2018

24

0.732

0.417

0.575

CKL RW

1914 - 2003

8

0.593

0.265

0.343

CLC RW

1914 - 2018

23

0.590

0.329

0.336

SPA RW

1734 - 2018

48

0.697

0.401

0.482

SPA EW

1854 - 2018

11

0.650

0.398

0.474

SPA LW

1854 - 2003

11

0.549

0.439

0.390

BI PEY RW

1868 - 2017

26

0.676

0.198

0.285

BI PEY LW

1853 - 2017

26

0.635

0.050

0.376

BI RVU RW

1838 - 2017

34

0.565

0.176

0.218

BI RVU LW

1853 - 2017

34

0.633

0.044

0.471

BI SIC RW

1808 - 2017

35

0.511

0.163

0.437

BI SIC LW

1853 - 2017

35

0.542

0.041

0.375

cana099bf

1693 - 1992

59

0.565

0.184

0.176

cana11bf

1609 - 1983

22

0.617

0.207

0.174

cana113

1744 - 1983

28

0.529

0.196

0.174

cana135

1588 - 1992

93

0.683

0.326

0.351

cana136bf

1543 - 1992

116

0.647

0.339

0.332

cana137

1603 - 1992

89

0.678

0.361

0.367

cana174

1430 - 1999

64

0.572

0.248

0.289

cana228

1833 - 1997

37

0.601

0.221

0.210

cana231

1608 - 1997

38

0.727

0.210

0.356

Continued on next page

28

Table 3.1 – Continued from previous page
Chronology Length (years)

Series Series inter- Average mean
(#)

correlation

sensitivity

RBAR

cana234bf

1653 - 1997

33

0.681

0.192

0.229

cana238

1713 - 1997

35

0.706

0.222

0.348

cana308

836 - 2005

69

0.730

0.420

0.469

cana327bf

1648 - 2007

46

0.796

0.382

0.539

cana328bf

1529 - 2008

60

0.769

0.383

0.526

cana329

1663 - 2007

32

0.646

0.264

0.356

cana331

1589 - 2008

38

0.833

0.414

0.569

cana334

1645 - 2004

39

0.743

0.300

0.475

cana335bf

1630 - 2004

30

0.645

0.312

0.364

cana336

1348 - 2007

90

0.701

0.404

0.438

cana337

1718 - 2003

22

0.790

0.344

0.579

cana338bf

1360 - 2004

34

0.856

0.500

0.640

cana339

1544 - 2004

63

0.753

0.374

0.469

cana343

1630 - 2004

42

0.806

0.353

0.543

cana347

1585 - 2004

45

0.770

0.390

0.532

cana350

1498 - 2007

38

0.787

0.428

0.463

cana351bf

1187 - 1996

82

0.578

0.193

0.238

cana352bf

1244 - 1993

57

0.777

0.323

0.491

cana353bf

1550 - 1999

67

0.593

0.219

0.225

cana356

1380 - 1994

99

0.589

0.183

0.491

cana357bf

1159 - 1998

90

0.527

0.178

0.296

cana464

1833 - 2012

20

0.588

0.220

0.365

cana465

1561 - 1995

39

0.596

0.270

0.305

cana466

1727 - 1996

37

0.578

0.226

0.254

cana467

1713 - 2012

35

0.662

0.287

0.399

cana468

1728 - 2012

28

0.609

0.220

0.329

cana469

1726 - 1995

28

0.688

0.300

0.426

cana470

1698 - 1997

32

0.538

0.284

0.265

cana471

1484 - 2008

32

0.602

0.297

0.275

Continued on next page
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Chronology Length (years)

Series Series inter- Average mean
(#)

correlation

sensitivity

RBAR

cana472

1832 - 1996

22

0.576

0.225

0.324

cana473

1712 - 1981

24

0.512

0.223

0.220

cana474

1802 - 1996

38

0.619

0.236

0.315

cana475

1765 - 2004

58

0.611

0.195

0.255

cana476

1726 - 1995

44

0.630

0.225

0.351

cana477

1894 - 1968

27

0.570

0.241

0.329

cana478

1944 - 2004

17

0.624

0.258

0.359

cana479

1660 - 2004

28

0.604

0.244

0.294

cana480

1794 - 2004

30

0.628

0.200

0.335

cana481

1863 - 1997

20

0.552

0.189

0.276

cana482

1779 - 2003

36

0.642

0.206

0.352

cana483

1776 - 2000

24

0.637

0.216

0.304

cana485

1755 - 2009

60

0.586

0.191

0.262

cana486

1776 - 2000

20

0.603

0.183

0.351

cana487

1880 - 1999

21

0.611

0.213

0.366

cana488

1881 - 2000

16

0.591

0.183

0.302

cana489

1884 - 2003

21

0.562

0.181

0.291

cana490

1681 - 2010

48

0.621

0.253

0.365

cana491

1701 - 2000

18

0.678

0.274

0.364

cana492

1791 - 2000

45

0.582

0.236

0.246

cana493

1881 - 2000

24

0.618

0.191

0.302

cana494

1761 - 2001

25

0.659

0.234

0.383

cana495

1813 - 2007

24

0.614

0.223

0.284

cana497

1685 - 1999

31

0.624

0.273

0.271

cana498

1880 - 1999

29

0.638

0.228

0.366

cana530

1256 - 1990

45

0.778

0.391

0.435

Ruth

1714 - 1998

35

0.622

0.252

0.333
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3.2 Flow correlation analysis
Flow values were non-normal for only August and September which meant data for both months
had a natural logarithmic transformation applied. The results from the correlation analysis between
the TR chronologies and ﬂow data demonstrated that relationships were strongest in early spring and
late summer as expected within the study design. Correlation analysis resulted in between two and 16
signiﬁcantly correlated chronologies (p<0.05) (Table A.1) for each month or season tested, with the highest number of candidate predictors for April, August, and September. Late spring and early summer
months had very few chronologies signiﬁcantly correlated with ﬂow. For some months a low number
of signiﬁcantly correlated chronologies resulted in poor or no reconstruction model at all, meaning the
months/periods (such as June, May-June) were not further investigated. Ultimately, the most promising
target reconstruction months were April and September for which Pearson’s r values and signiﬁcance
levels are reported in table 3.2. Importantly, these months also mostly correspond to UFB freshet (April)
and drought (September) timing (Figure 1.2). For the subsequent results and discussion the term freshet
will be synonymous of April streamﬂow while the term drought will be used to represent September
streamﬂow.

3.3 Reconstruction models
The Wilcox EW, Sicamous LW, BI Revelstoke LW, Joffre Lakes, and Douglas Peak chronologies (no
lags) were selected as predictors (Table 3.3) in stepwise linear regression model estimating total April
streamﬂow (hereafter the freshet-season reconstruction). The model explains 68% of streamﬂow variance
in April and the model equation is:

Y = −1151.7521 − (−471.3322 × W I LEW ) − (562.8125 × Jo f f r eLakes) − (−389.3050 × Doug l asPeak)
− (396.3693 × SIC LW ) − (1684.5321 × B I RV U LW ) (3.1)

Little Bob Creek, BI SIC LW (no lags), and Dutch Creek and Little Bob Creek (lag t+1), as well as Dutch
Creek (lag t-1) were selected as predictors (Table 3.3) in stepwise linear regression model estimating
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Table 3.2: Information on chronologies signiﬁcantly correlated with monthly ﬂow data in April and September.

Month
April

Chronologies

Chronology type

p-value

r-value

bipeylwstd BI latewood standard chronology
birvulwstd BI latewood standard chronology
bisiclwstd
BI latewood standard chronology
cana328bfstd
RW standard chronology
wilewstd
EW standard chronology
wilrwstd
RW standard chronology
rcrrwstd
RW standard chronology
cana329std
RW standard chronology
cana495std
RW standard chronology
cana468std
RW standard chronology
cana488std
RW standard chronology
cana466std
RW standard chronology
cana327bfstd
RW standard chronology
tamewstd
RW standard chronology
cana231std
RW standard chronology
siclwstd
LW standard chronology
cana351bfstd
RW standard chronology
cana338bfstd
RW standard chronology
tamrwstd
RW standard chronology

1.28E-05
2.68E-05
0.000242626
0.000270813
0.001455284
0.002361297
0.002900089
0.003976077
0.005239486
0.010509203
0.013925208
0.021645282
0.022576917
0.026162095
0.026853886
0.031712574
0.039389885
0.039505488
0.041947331

0.505454615
0.489048799
0.434077802
-0.460989191
-0.381291019
-0.365404677
-0.358411251
-0.375712369
-0.365032763
0.322764679
0.345727574
-0.337878476
-0.301670755
-0.271661089
-0.322883518
0.262736862
0.304861172
0.281079269
-0.249251573

birvulwstd
bisiclwstd
cana343std
bipeylwstd
clcrwstd
cana338bfstd
rcrrwstd
cana467std
cana335bfstd
cana347std

0.000816208
0.000819695
0.007578731
0.011452
0.011518914
0.016425906
0.029307979
0.033266682
0.038796048
0.044641754

-0.396489226
-0.396360868
-0.356342255
-0.304949265
0.304714397
-0.322242961
0.264459549
0.26863775
-0.279466425
-0.271881493

September
BI LW standard chronology
BI LW standard chronology
RW standard chronology
BI LW standard chronology
RW standard chronology
RW standard chronology
RW standard chronology
RW standard chronology
RW standard chronology
RW standard chronology

total September streamﬂow (hereafter the drought-season reconstruction). The model explains 56% of
streamﬂow variance in September and the model equation is:

Y = 9.7196 − (−0.4135 × Li t t l eB obC r eek) − (−2.6967 × B I SIC LW ) − (0.2784 × Dut chC r eek)
− (−1.2021 × Dut chC r eek) − (0.8243 × Li t t l eB obC r eek) (3.2)

Both models meet all the assumptions concerning model residuals and signiﬁcant F-ratios (Table
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3.3) attest to statistically signiﬁcant regression equations (Figs. 3.1 and 3.2). The R2 of the observed
and the LOO-estimated values suggest both models are well validated, and the reduction of error (RE)
statistics attest to good model skill in both cases (Table 3.3). An important practical measure is given
by the difference of the model SE and the root mean square error of the cross-validation (RMSEv ) which
describes the difference in the average size of the prediction error between model validation and calibration and is provided in units of the predictand (9.1032 mm for the freshet-season model and 0.0123
mm for the drought-season model) (Table 3.3). There is a strong overall linear association between each
reconstruction and it’s predictand instrumental streamﬂow data (Fig. 3.3). A compromise was made
between the length of the reconstruction and the explanatory power of the reconstruction which meant
that the reconstructions only reach until 1996 and 2003, respectively, but far exceed models that reached
up to 2017 which did not explain more than 15 to 20% of variance (results not shown).
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Figure 3.1: Left: Time series of residuals of the calibration period for the drought-season reconstruction. Lagged
scatterplot of residuals and ACF plot of residuals for assessment of potential trend and autocorrelation. Right: Time
series of residuals of the calibration period for the freshet-season reconstruction. Lagged scatterplot of residuals
and ACF plot of residuals for assessment of trend and autocorrelation.

3.4 Runs analysis
Runs analyses were performed on the following time intervals, as deﬁned by overlapping reconstruction and streamﬂow dataset time periods: pre-instrumental freshet (1853-1950), instrumental pe33
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Figure 3.2: Left: Scatterplots of residuals against individual predictors and against the predictand for the drought
reconstructions. Histogram of the drought instrumental ﬂow data. Right: Scatterplots of residuals against individual predictors and against the predictand for the freshet reconstructions. Histogram of the freshet instrumental
ﬂow data.
Table 3.3: UFB streamﬂow reconstruction model statistics, model predictors and reconstruction period

Reconstruction
month

April

September

R2

R2 a

RE

SE

RMSEv

Predictors

wilewstd
cana468std
0.715 0.680 0.63 139.3017 148.4049 cana466std
siclwstd
birvulwstd
cana347std
bisiclwstd
0.2015
0.2138
cana343std
0.610 0.568 0.50
cana343std
cana347std

Lag of
Calibration Reconstruction
predictors
period
period
no lag
no lag
no lag
1951 - 1996
1853 - 1996
no lag
no lag
no lag
no lag
-1 lag
1950 - 2002
1853 - 2003
+1 lag
+1 lag

riod freshet (1951-1996), pre-instrumental drought (1853-1949), and instrumental period drought (19502003). Individual magnitudes and durations for the runs can be found in appendix A table A.2. It is important to note that the runs criteria for extreme event durations presented here are very conservative,
requiring threshold high or low ﬂows in all consecutive years (no runs interruptions).

Runs analysis for the long-term freshet reconstruction period shows freshets (80th percentile) with
magnitudes of between 130% and over 160% of mean ﬂow with durations between one and four years
(Fig. 3.4). Out of ten runs in the pre-instrumental period, three are four-year duration events in 1929,
1939 and 1944 with magnitudes of 140%, 163% and 138% of mean low, respectively, followed by one two
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Figure 3.3: Top: Time plot of the freshet streamﬂow reconstruction (April, black line) with a 5-year running mean,
(dark blue line), the instrumental data (light blue line) and the reconstructed mean (horizontal black line). Middle:
Time plot of the drought streamﬂow reconstruction (September, black line) with a 5-year running mean (dark red
line), the instrumental data (light red line) and the reconstructed mean (horizontal black line). Middle left: Time
plot of calibration period observed April streamﬂow (dark blue line) and the reconstructed (black line) data. Middle
right: Time plot of calibration period observed September streamﬂow (dark red line) and the reconstructed (black
line) data. Bottom: Scatterplots of the linear relationship between the reconstructed and instrumental data ﬁtted
least squares line for April (left) and September (right).

35

year run starting in 1905 with a magnitude of 136% and multiple one year events. The observed period
holds the highest magnitude event in 1992 with a magnitude of 165% and a length of ﬁve years, while all
other events lasted one year and ranged between magnitudes of 135% and 138% of mean ﬂow (Fig. 3.4).

The runs analysis of years above the long-term mean computed on the freshet reconstruction reveals
that there have been several occurrences of long periods with ﬂow above-the-mean during the reconstruction period, such as a 25-year period of high ﬂow starting in 1923 (Fig. 3.5). There are several 80th
percentile events that were detected in the runs analysis of extreme events (Fig. 3.4) that are preceded
and/or followed by years with above-the-mean ﬂow causing them not to appear as separate events in
the second runs analysis. One example is the 9-year high ﬂow run staring in 1884 (Fig. 3.5) that encompasses two events in 1889 and 1891 that were identiﬁed as extreme freshets previously (Fig. 3.4). For the
observed time period there are 10 events, the longest run lasting seven years with a magnitude of 103%
of mean ﬂow starting in 1984, followed by a ﬁve year run with a magnitude of 165% starting in 1992 (Fig.
3.5). There are two more runs lasting multiple years (three-years in 1961 at 121%, two-year in 1980 with
109%) and multiple one year events that range in magnitude from 103% to 113% of mean ﬂow (Fig. 3.5).

Runs analysis for long-term drought reconstruction shows 13 droughts (20th percentile) during the
pre-instrumental period that range between one and three years in length and magnitudes between 51%
and over 78% of the mean ﬂow (Fig. 3.4). The longest drought events occurred in 1900 and 1904 with
three year durations and magnitudes of 58% and 56% of mean ﬂow, respectively. These are followed by
two two year events which occurred in 1877 (69%) and 1915 (78%), and nine one year events (Fig. 3.4).
In the instrumental period there are eight events of which three lasted two years starting in 1955, 1987
and 1993, the latter being the highest magnitude event with a magnitude of 50%. All other events have
durations of one year and range in magnitude between 83% and 64% of mean ﬂow (Fig. 3.4).

Runs analysis for ﬂows below the long term mean computed on the drought reconstruction reveal
several long duration low ﬂow periods in the pre-instrumental period beginning in 1884 (12 years, 93%),
1897 (6 years, 79%) and 1911 (6 years, 91%). Four events lasting three years starting in 1855 and 1904
had magnitudes of 51% and 56% and in 1940 and 1945 magnitudes of 78% and 76% of long term mean
ﬂow (Fig. 3.5). The other ten events lasted one to two years with magnitudes of between 96% and 69% of
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Figure 3.4: Runs analysis on reconstructed streamﬂow data for 80th percentile freshet (left) and 20th percentile
drought (right) runs with years indicating start of the run. Dark blue and dark red circles are runs from the period
overlapping with observed records. Light blue and light red circles are runs from the pre-instrumental reconstruction period only.
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Figure 3.5: Runs analysis for freshet (drought) years above (below) the long term mean. Dark blue and dark red
circles are runs from the period overlapping with observed records. Light blue and light red circles are runs from
the reconstruction period. Years indicate the starting year for the runs.

long term mean ﬂow. Only one run with a magnitude below 70% and a duration of eight years beginning
in 1987 occurred during the instrumental period while the other low ﬂow events of the observed time
period are no longer than four years and have magnitudes between 73% and 97% (Fig. 3.5). Individual
magnitudes and durations for the runs can be found in appendix A table A.3.

3.5 Empirical cumulative distribution function (ECDF)
Extreme freshet frequency in the UFB instrumental record is enhanced compared to the prior 98
years, with eight 80th percentile events having occurred in the most recent 30 year period that overlaps
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Figure 3.6: Empirical Cumulative Density Functions (ECDF) of 20th and 80th percentile ﬂow events summed over
30-year moving windows (climatologies), iteratively moved forward in time by one year. Results for the freshet
season are on the left and drought season on the right. Pre-instrumental reconstructed data (black lines) are compared with instrumental-period reconstructed data (colored lines). The y-axis displays the number of 30-year
climatologies as a percent, while the x-axis displays the number of events per 30-year climatology. For example,
for the ﬂood season pre-instrumental reconstructed data (black line) where y = 0.4 and x = 4, 40% of the 30-year
climatologies contained 4 or less events. The slope of the line reﬂects the density of the data, and the colored dots
indicate the number and probability of events for the most recent 30-year climatology.
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Figure 3.7: Empirical Cumulative Density Functions (ECDF) of above and below mean ﬂow events summed over
30-year moving windows (climatologies), iteratively moved forward in time by one year. Results for the freshet
season are on the left and drought season on the right. Pre-instrumental reconstructed data (black lines) are compared with instrumental-period reconstructed data (colored lines). The y-axis displays the number of 30-year
climatologies as a percent, while the x-axis displays the number of events per 30-year climatology. For example,
for the drought season pre-instrumental reconstructed data (black line) where y = 0.8 and x = 18, 80% of the 30-year
climatologies contained 18 or less events. The slope of the line reﬂects the density of the data, and the colored dots
indicate the number and probability of events for the most recent 30-year climatology.
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with TR data (1967-1996, Fig. 3.6). This is the highest number of events within a single climatology
in the observed period (1951-1996). In contrast, the pre-instrumental reconstructed data demonstrate
that in the past (1853-1950), up to 15 extreme freshet events occurred within a single climatology. The
ECDF curves match well from a cumulative frequency of 0 to 6, but at higher cumulative frequencies
the pre-instrumental reconstruction curve diverges, indicating a higher percentage of 30-year periods
containing >6 extreme freshets in the long-term record relative the observed period.

The ECDF for above-mean freshet season ﬂows highlights that 16 years of above-mean freshet ﬂows
occurred during the most recent 30-year climatology (1966-1996, relatively wet period), there have been
wetter periods in the past (up to 25 years above-the-mean in a 30-year climatology; Fig. 3.7). The same
decoupling of the frequency distribution curves between the reconstructed time period (1853-1950) and
the observed time period (1951-1996) occurs at around 15 events (Fig. 3.7). The pre-instrumental record
also highlights that above-mean ﬂows in 1-10 years per climatology are very common, despite not being
represented in the observed record.

The ECDF for drought events shows that in the most recent 30-year window (1973-2003) there have
been 9 droughts, while the reconstructed frequency distribution indicates that up to 12 events in any
given 30 year window were possible in the past (Fig. 3.6). Unlike for freshets, the frequency distributions
for extreme drought events do not particularly increase or decrease in the observed period (1950-2003)
relative to the pre-instrumental period (1853-1949; minimum and maximum number of events per climatology only differ by 1 and 2, respectively).

Compared to the ECDF for extreme drought events the ECDF for below-mean drought-season ﬂows
shows that the latest 30-year climatology (1973-2003) experienced 17 years of below-mean ﬂow, which
is high but not exceptional relative to the number that are possible within the observed (1950-2003) and
pre-instrumental (1853-1949) time periods (maxima of 19 and 25 years, respectively (Fig. 3.7). The ECDF
also shows there is the potential of 25 years of below-mean ﬂow during a single climatology, whereas
the observed period suggests a maximum of only 19 years. Similar to freshet season ﬁndings, the preinstrumental record also highlights that below-mean ﬂows in 1-11 years per climatology are very common, despite not being represented in the observed record.
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Chapter 4
Discussion and Conclusion
4.1 Reconstructions
The reconstructions of UFB freshet-season and drought-season streamﬂow explain 68% and 56% of
the instrumental data variance, respectively, making them two of the most statistically powerful models of their kind for western Canada and the Paciﬁc Northwest (Coulthard et al., 2016; Coulthard and
Smith, 2016; Starheim et al., 2013; Hart et al., 2010; Littell et al., 2016; Lutz et al., 2012). All model assumptions were met and diagnostic statistical tests passed, attesting to the skill of both models (Figs. 3.3
and 3.1). The 143-year long freshet reconstruction extends the existing 67-year streamﬂow record by an
additional 97 years while the 150-year long drought-season reconstruction extends the existing 68-year
streamﬂow record by an additional 96 years. Even given reconstruction model error, more than doubling
the length of each of these seasonal runoff records vastly enhances our ability to benchmark and understand long-term runoff variability and extremes in the UFB. Huning and AghaKouchak (2020) recently
demonstrated that even 50 years of additional hydroclimate data can signiﬁcantly change and improve
water management-relevant statistical analyses such as frequency analysis and return periods calculation.

Both reconstructions successfully capture both medium- to high-frequency variability, each of which
are important for understanding natural runoff variability, but the former of which is typically more difﬁcult to retain in TR based streamﬂow reconstructions. For both reconstructions, the retention of medium
frequency/decadal-scale information may be related to the incorporation of temperature-sensitive BI
chronologies as model predictors. This is because temperature is generally a low- to medium-frequency
40

process, whereas precipitation is a higher frequency process. Both processes combine to govern streamﬂow, and reconstructions that represent both are particularly valuable (Meko and Woodhouse, 2011).
The selection of BI chronologies as model predictors suggests that this relatively new proxy development method has high potential not only for temperature reconstruction, but also for streamﬂow reconstruction where seasonal temperature has a strong inﬂuence on reconstructions-season runoff. With
up-to-date tree ring chronologies, the incorporation of BI chronologies in such reconstructions could
also serve as an avenue for examining recent streamﬂow trends forced by warming temperatures Wilson
et al. (2014).

Calibration period plots for each reconstruction provide an indication of the model’s ability to capture variance, high and low extremes, and trend in the instrumental data (Fig. 3.3). The freshet-season
reconstruction only slightly under- or over-estimates the instrumental streamﬂow values in some years,
but more importantly, the direction (sign) of departures from the mean in each year is largely in agreement, and the high-ﬂow years of greatest interest for this study are largely accurate in terms of both
direction and magnitude (Fig. 3.3). A recent positive trend in freshet-season runoff is particularly well
captured by the reconstruction (Fig. 3.3). The freshet model error (RMSEv) is 139.3 m3 /s which describes
the average error of the prediction for the validation period, the mean of the reconstruction compared
to the mean of the instrumental data during the common period shows a difference of only 2.8 m3 /s,
whereas the overall mean discharge is 626.8 m3 /s.

The calibration period plot for the drought-season reconstruction does exhibit several instances of
high ﬂow overestimation mainly in the 1980s, but the low ﬂow years which are of primary interest to this
study are tracked remarkably accurate in terms of both direction and magnitude (Fig. 3.3). The overall
positive trend in freshet magnitude over the calibration period is especially well captured (Fig. 3.3). A
comparison of the mean for the instrumental data during the common period and the mean of the reconstructed time series reveals a difference of 12.3 m3 /s which is less than 2% of the mean.

As previously mentioned, examination of the long-term reconstruction plots emphasizes how effectively each model seems to have retained medium-frequency streamﬂow trends. For instance, two
notable intervals of positive trend in reconstructed freshet magnitude are highlighted by the 5-year run41

ning mean between 1910 and 1930 and from the 1970s through to the 1990s (Fig. 3.3). The period of
worsening freshet magnitude from the 1970s to 1990s is distinctive relative to the long-term record, but
seems to have been interrupted in the 2000s by a transition to highly variable interannual freshet magnitudes (Fig. 3.3). Negative trends in freshet magnitude appear to occur over shorter time spans than
positive trends. In the drought reconstruction, a period of slight negative trend from the 1870s to 1900s
is followed by a period of positive trend until the 1920s, after which point there is no clear trend until the
contemporary period.

Given the novel reconstruction approach employed in this study, the TR chronology predictor selection can provide interesting methodological insights for future studies. In this case, both reconstruction models capitalize on TR chronologies that retain autocorrelation (standard chronologies) and/or
time-lagged chronologies, which is common in dendrohydrology (Coulthard et al., 2020). The importance of using autocorrelated and/or time-lagged chronologies can be explained by hydroclimate processes inﬂuencing growth for consecutive years (Cook and Kairiukstis, 1990) or autocorrelation of the
hydroclimate processes themselves. Their use in the reconstructions presented here underscores that
statistically-persistent tree metabolism and/or hydrological processes is at play in these paleohydrological models and may be similarly important for dendrohydrology in other complex, temperate watersheds.

The primary focus of this thesis was on benchmarking past streamﬂow variability and extreme events.
Reconstructions covering the most recent decades (up to 2019) were therefore forfeited in favour of reconstruction models calibrated up to only 1996 and 2003 as these were more statistically robust and
explained a greater percentage of long-term runoff variability. Although a set of chronologies were updated in 2019 with the hope of calibration reconstruction models up to that year, models can only be
calibrated on the common data period among all model predictors (TR chronologies) and the model
predictand (ﬂow data). The selection of more out-of-date TR chronologies as model predictors through
the stepwise regression procedure therefore truncated the contemporary end of the model calibration
period. Targeted chronology updates could presumably make it possible to calibrate the UFB freshet
and drought reconstruction models up to present, allowing for a direct examination of the recent positive trends in both freshet and drought magnitude, evident in the instrumental data plotted in Fig. 3.3.
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But for now, because these recent trends are not accounted for the reconstructions or extreme events
analyses, it should be noted that recent changes may be more severe than is suggested by this study.

4.2 Extreme events in the UFB
The primary ﬁndings of this thesis are that 1) both the severity and probability of recent UFB freshets
fall outside of the range of ‘natural variability’ deﬁned by long-term reconstructed records; 2) the severity
and probability of recent UFB droughts are normal based on the range of ‘natural variability’ deﬁned by
long-term reconstructed records, the reconstructed record indicates that more severe droughts occurred
in the past than any witnessed within the observational record; and, 3) gauged streamﬂow datasets indicate freshet periods above the long-term mean and drought periods below the long-term mean persist
no longer than 7 or 8 years, respectively, but the paleorecord presented here suggest they may persist for
up to 25 years. Taken together, these ﬁndings underscore two major points:

• Gauged UFB streamﬂow records do not represent long-term natural ranges of hydrological variability; and extreme event magnitudes, durations, and probabilities; or hydrologic trend extant
in the UFB system, with major implications for the calculation of basic hydrologic statistics and
decision-making tools (eg. frequency analysis, return periods).
• Using a data-driven approach, dendrohydrologic reconstructions may be developed for complex,
temperate watershed like the UFB and these records can signiﬁcantly change and improve water
management-relevant statistical analyses.

80th percentile freshets
The severity and probability of recent UFB freshet fall outside the range of ’natural variability’ deﬁned from the long-term reconstructed records. Analysis of the freshet reconstruction shows that there
has been a trend towards more frequent extreme freshet events with a period of no extreme freshets between 1853 and 1880 at the beginning of the reconstruction. There is no similarly long period without
extreme freshet events in the instrumental period, underlining a recent change in the frequency of extreme freshet events. Another indication of change is that since 1853, the most severe freshet in both
magnitude (163%) and duration (5 years) began in 1992, with no other freshets close to this overall severity. The three freshet events that are close in duration (four years) all occur towards the end of the pre43

instrumental period (1929-1944) further indicating an increase in frequency of extreme freshet events.

Sustained freshet periods above-the-mean
Analysis of above-the-mean freshet events shows a 25-year period of sustained higher freshet during
the pre-instrumental period which is more than three times longer than any period in the instrumental period. This means that water managers operating with the instrumental data are likely to underestimate the duration of sustained periods of above-the-mean freshet, with implications for repeated
and/or consecutive years of ﬂooding. When comparing the analysis of the extreme freshet events to the
analysis of the above-the-mean freshet events several of the extreme events punctuate above-the-mean
freshet time periods. A combination like this has not been observed in the instrumental period and as
such might require changes to existing ﬂood-prevention planning. The most recent 30-year climatology
has experienced an unprecedented number of freshet years above-the-mean compared with any other
period since 1853, which is in line with results from the extreme freshet analysis. Frequency analysis
shows that there is potential of more high freshet events occurring in a single 30-year window than has
been observed in the instrumental period (Figs. 3.6 and 3.7).

20th percentile droughts
The comparison of 20th percentile drought events in the pre-instrumental and instrumental period
demonstrates that both the severity and probability of recent droughts are normal based on the range
of ’natural variability’ deﬁned from the long-term reconstructed records. However, droughts occurring
during the instrumental period have been shorter in duration, with most events only lasting one year
(Fig. 3.4). Long lasting and high magnitude droughts appear clustered at the beginning of the last century but events occur throughout the reconstruction suggesting that only considering instrumental data
accurately reﬂects severity and probability. Probability analysis shows that the most recent 30-year climatology did not see the full number of drought events possible by both the instrumental as well as
the reconstructed record but that there is the potential for a higher number extreme droughts occurring
within 30-year time frames (Fig. 3.6). Given that droughts now present a water management issue on the
UFB, the fact that pre-instrumental events were more of longer duration than those observed recently is
sobering.
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Sustained drought periods below-the-mean
Analysis of below-the-mean ﬂow illustrates that recent drought events are not representative of the
’natural variability’ deﬁned from the long-term reconstructed records, and in fact, much longer belowthe-mean runoff periods occurred in the pre-instrumental period (Fig. 3.5). Long-term periods belowthe-mean are particularly important for water managers, since the effects of water scarcity may be compounded over multiple years. The reconstruction shows that in a 30-year period below-the-mean droughts
are possible over at least 25 years, compared to 12 in the observed 30 year periods (Fig. 3.7). This reinforces that the drought characteristics in the UFB are not completely registered in the instrumental
record.

It is important to keep in mind that the extreme events analyses were performed on common-period
datasets only (1951 to 1996 for freshet, 1950 to 2003 for drought). For example, the ’most recent 30year climatology’ ends in 1996 for freshets and 2003 for droughts. The extreme event analyses were also
performed only on reconstructed datasets to maintain an apples-to-apples comparison between time
periods (eg the pre-instrumental reconstruction is compared with the observed period reconstruction,
rather than the observations directly, as in Meko and Woodhouse (2011)).

4.3 Comparison with existing paleohydroclimate records
A TR-based reconstruction of annual precipitation in the southern Canadian Rockies, which in part
encompasses the UFB, found dry periods in the 1850-1860s and the 1890s in addition to the documented
drought period in 1920-1940 (Watson and Luckman, 2001). Similar patterns can be seen in the UFB
drought reconstruction with three extreme droughts in the 1850s, a 12-year period of below-the-mean
ﬂow starting in 1884, a six-year period starting in 1897 and several one to three-year long low ﬂow periods throughout the 1940s (Fig. 3.5) showing high similarity except in the 1920s. Comparable results
were found in a streamﬂow reconstructions of annual ﬂow for the Columbia River using snow-limited
chronologies, which also highlighted intense droughts in the 1850s to 1860s and in the 1920s to 1940s
(Littell et al., 2016). These events are broadly in agreement with the UFB reconstruction apart from the
1920s. This study also found that drought duration and the potential for long lasting high freshets are
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not well represented in the instrumental records, as in the UFB records and emphasize the importance
of reconstructions to extend instrumental records (Littell et al., 2016). Compared to the reconstruction of
annual Columbia River streamﬂow (Littell et al., 2016) the UFB reconstruction does not pick up extreme
freshet events from that study (1880-1882, 1916, 1921, 1971, 1974, 1976, 1982-1983) as extreme events.
However, the reconstruction does show periods of above-the-mean freshet ﬂow in the same periods except for the 1916 ﬂood for which the closest UFB above-the-mean event occurs in 1919. Wet periods in
the Southern Canadian Cordillera were found in 1880–1890, 1898–1916 and 1942–1960 in a reconstruction of annual precipitation (Watson and Luckman, 2004b) and periods of above-the-mean ﬂow can
be found in the freshet reconstruction of the UFB that roughly coincide (1884-1893, 1898, 1904-1909,
1912, 1923-1948, 1952, 1958). A recent TR-based reconstruction of snowpack variability in southwestern BC extended the short instrumental records for the region back to 1711 and revealed that past snow
droughts have been both longer and more severe in the pre-instrumental period (Mood et al., 2020).
Snow pack droughts lasting two years occurred in 1885, 1891, 1901, 1904, 1914, 1934, 1941 and 1980 as
well as single-year events in 1978, 1986, and 1993, most of which can be found in the UFB drought reconstruction. The years 1891, 1934, 1941, 1978 and 1986 are exceptions, but for these my reconstruction
has events in the previous year (1890, 1940) or in the following year (1979, 1987). Compared to these
two most geographically-relevant reconstructions, there are episodes of below-the-mean ﬂow that seem
to be restricted to the UFB in 1911 to 1917, 1955 to 1959 and 1996 to 1999. Further aﬁeld, TR reconstructions of drought in three prairie rivers in Saskatchewan that have headwaters near the UFB found
that since the 1950s streamﬂow has been comparatively high and more droughts occurred during the
1700 and 1800s than in the 20th century (Case and Peterson, 2005). The single year droughts that the
authors found coinciding for all three rivers occurred in 1961, 1941, 1891, 1844 which were not detected
as extreme low ﬂows in my reconstruction but are captured as below-the-mean ﬂow years (Fig. 3.5). A
TR-based reconstruction of the mass balance of Peyto glacier revealed a negative trend for most of the
20th century starting in 1884 with 1994, 1979 and 1990 as the worst years (Watson and Luckman, 2001).
These ﬁndings are similar to what Wood and Smith (2012) found for glaciers located in the Columbia
mountains where glaciers show negative trends since 1840, with periods of positive mass balance for
1875-1890, 1958-1968 and 1975-1985. TR-based reconstructions have also described intervals of higher
maximum summer temperatures in 1850-1870 and 1930-1950 and wetter August intervals during the
1880s, 1960-1975 and mid-1980s in the Columbia Mountains (Wood and Smith, 2012). When comparing
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this to the UFB drought reconstructions there are several extreme droughts during the 1850s and the
1940s as well as below-the-mean ﬂow from 1884 to 1896, broadly agreeing with ﬁndings from this study.
In sum, my reconstructions do corroborate other high-resolution paleohydroclimate records from western Canada and the Paciﬁc Northwest with an exception for extreme events in 1920s.

4.4 Conclusion
The FRB is home to about two-thirds of BC’s population (Fraser Basin Council, 2009), supports the
world’s largest Paciﬁc salmon populations (Morrison et al., 2002; Déry et al., 2012), and is a cornerstone of
the western Canadian culture, environment, and economy, all of which are directly threatened by worsening extreme events in the watershed under future climate shifts (Fraser Basin Council, 2009; Shrestha
et al., 2012; Kang et al., 2016; Ferrari et al., 2007). Climate shifts are expected to greatly impact the timing,
duration, and quantity of runoff in the UFB and greater FRB, particularly freshet and drought magnitudes. My results suggest both that recent freshets are record-breaking relative to the past 90 years, and
that the watershed also holds the potential for substantially worse droughts than have occurred in the
instrumental period, creating hydrological risks on two fronts.

Even 50 years of additional hydroclimate data can signiﬁcantly change and improve water managementrelevant statistical analyses (Huning and AghaKouchak, 2020). The newly-developed 143-year long freshet
reconstruction presented here extends the existing 67-year streamﬂow record by an additional 97 years,
while the newly-developed 150-year long drought-season reconstruction extends the existing 68-year
streamﬂow record by an additional 96 years. By more than doubling the length of each of these seasonal
runoff records, our ability to benchmark and understand long-term runoff variability and extremes is
signiﬁcantly enhanced in the UFB. The reconstructions show that the recent severity and probability of
UFB freshets lies outside the range of ’natural variability’ deﬁned from the reconstruction. While the
potential duration of droughts and periods of below-the-mean ﬂow has been signiﬁcantly longer in the
past than in the instrumental period. Differences of over 15 years for both freshet periods above the
long-term mean and drought periods below the long-term mean can be seen. This means that the instrumental records of UFB streamﬂow do not completely reﬂect long-term natural ranges of hydrological
variability as evidenced over the last 100 years.
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Improving predictions of extreme events and runoff periods above and below the long-term mean
in the UFB is critical to enable water managers and stakeholders adapt water management and infrastructure plans infrastructure (Kang et al., 2016). These annually-resolved records can support, for example, more precise calculation of hydrologic statistics (frequency analysis, return periods, (Huning and
AghaKouchak, 2020)); improved predictions of future hydrologic changes, including the inﬂuence of climate modes on runoff (Rodenhuis et al., 2009; Whitﬁeld et al., 2010; Hart et al., 2010; Coulthard et al.,
2016); appraisal of impacts on salmon runs which vary spatially across the FRB and must be examined
at sub-basin scales Déry et al. (2012); and modelling efforts of the inﬂuences of climate change on UFB
streamﬂow that are currently hampered by short instrumental records (Meko and Woodhouse, 2011; Islam and Déry, 2017; Mankin et al., 2017).

From a methodological standpoint, this thesis also demonstrates that seasonal streamﬂow reconstructions using temperature- and SWE-sensitive TR chronologies in a data-driven framework can produce robust streamﬂow reconstructions at the sub-basin and sub-annual timescales in large, temperate,
complex watersheds that cannot be reconstructed using traditional dendrohydroological methods (Watson and Luckman, 2006). These reconstructions explain 68% and 56% of the variance in instrumental
records, approaching the model robustness exhibited by dendrohydrological models in semi-arid watersheds. This modeling approach will be of great help in similarly complex river systems that are facing
uncertain impacts of climate change and require accurate reconstructions for modelling efforts.
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Appendix A

Table A.1: Cross correlation values for chronologies signiﬁcantly correlated with monthly ﬂow sorted by month
Model

Chronologies

p-value

r-value

May
cana308std

0.008271303 -0.349565434

cana495std

0.012133127

0.327345972

peyewstd

0.025972031 -0.269988206

cana530std

0.044726597 -0.315181243

cana468std

0.046332054 -0.251992609

cana343std

0.013514399 -0.331192619

cana470std

0.015371984 -0.347965073

bisiclwstd

0.000232044 -0.432287676

siclwstd

0.000472282 -0.412550949

birvulwstd

0.000766618 -0.398370584

rvulwstd

0.003918427 -0.345385009

June

July

mguewstd

0.00878684

-0.315441765

mgurwstd

0.009105202 -0.314052892

sicrwstd

0.018690007 -0.284533553

mgulwstd

0.019346151

-0.28304145

cklrwstd

0.02248137

-0.276457376

cana470std

0.023121013 -0.327389426

rvurwstd

0.024205759 -0.273162789
Continued on next page
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Table A.1 – Continued from previous page
Month

Chronologies

p-value

r-value

cana471std

0.026975317 -0.287992547

rvuewstd

0.040273624 -0.249390924

bipeylwstd

0.042917304 -0.246278812

August
bisiclwstd

4.31E-09

-0.639661062

birvulwstd

1.85E-08

-0.618887155

bipeylwstd

5.54E-05

-0.468760282

siclwstd

0.00028943

-0.426278416

cklrwstd

0.002702449 -0.358252215

cana470std

0.003453189 -0.413878952

cana329std

0.004573642

rvulwstd

0.367224586

0.007023874 -0.324039397

cana328bfstd 0.009538833

0.33482669

clcrwstd

0.012431304

0.30162445

cana471std

0.01350963

-0.319917019

rcrrwstd

0.019843202

0.281939633

cana494std

0.022220411 -0.316583036

cana490std

0.023732612 -0.289309323

cana468std

0.028854029 -0.275508196

cana485std

0.030709852 -0.279258387

cana308std

0.032787152 -0.285726758

bisiclwstd

0.002808745

0.359510403

birvulwstd

0.008616618

0.318516007

bipeylwstd

0.011664692

0.306442004

April May

wilewstd

0.005225194 -0.337475814

wilrwstd

0.006052945

peyewstd

0.045954685 -0.244711235

-0.33202101

May June
cana495std

0.032501716

0.281186904

Continued on next page
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Table A.1 – Continued from previous page
Month

Chronologies

p-value

r-value

cana470std

0.039603328 -0.298094296

cana468std

0.047094982

-0.25114681

bisiclwstd

1.87E-09

-0.650846282

birvulwstd

4.81E-09

-0.638133299

bipeylwstd

2.04E-05

-0.491883357

August September

siclwstd

0.001171259 -0.385428717

clcrwstd

0.00187753

rvulwstd

0.003006028 -0.354618567

cklrwstd

0.003637319 -0.348005697

rcrrwstd

0.007382876

0.370376677

0.322146276

cana470std

0.008658592 -0.374874934

cana485std

0.029527902 -0.281187064

cana467std

0.030569824

cana475std

0.032187008 -0.289275769

cana308std

0.033454027 -0.284689387

cana329std

0.039188052

0.271580685

cana328bfstd

0.04272554

0.264749377

0.272738598

cana465std

0.045623799 -0.296216458

mguewstd

0.047042042

cana470std

0.012614742 -0.357482845

mguewstd

0.018185882 -0.285710677

mgurwstd

0.02279337

-0.275845745

cana329std

0.030198934

0.284878423

April May June
-0.24353569

May June July

siclwstd

0.031191733 -0.261567803

cana464std

0.03567274

cana308std

0.048067073 -0.265385598
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Figure A.1: Calibration period for the freshet and drought reconstruction

Table A.2: Start year, magnitude and duration of 80th and 20th percentile ﬂow events during the reconstructed and
observed time period computed from reconstructions of April and September streamﬂow.

Period

Freshet yr

Magnitude
Magnitude
Duration Drought yr
Duration
% (spct)
% (spct)

Recon
1889
1891
1898
1905
1926
1929
1934
1936
1939
1944

152.88
134.95
133.39
136.22
144.09
140.83
132.56
130.14
163.44
138.17

1
1
1
2
1
4
1
1
4
4

1853
1855
1857
1877
1885
1890
1895
1900
1904
1915
1940
1945
1947

72.53
51.31
72.46
70.00
78.78
66.31
67.57
58.03
56.33
78.96
78.78
76.25
67.77

1
1
1
2
1
1
1
3
3
2
1
1
1

1981
1986
1988
1990
1992

138.36
135.67
135.51
135.47
165.58

1
1
1
1
5

1951
1955
1979
1981
1987
1990
1993
1998

83.21
73.91
73.02
76.03
68.16
64.27
50.28
64.65

1
2
1
1
2
1
2
1

Observed
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Table A.3: Start year, magnitude and duration of above/below the longtime mean ﬂow events during the reconstructed and observed time period computed from reconstructions of April and September streamﬂow.

Period
Recon

Freshet yr Magnitude Duration Drought yr Magnitude Duration
1873
1877
1884
1898
1900
1904
1912
1919
1921
1923

110.8009368
129.5210047
100.8699598
133.386253
110.3956312
106.3569569
101.0656656
110.6918887
112.2788997
99.91042257

2
3
9
1
1
5
1
1
1
25

1853
1855
1859
1877
1884
1897
1904
1909
1911
1924
1926
1929
1931
1934
1937
1940
1945

72.52919889
51.31025006
90.09078499
69.99517145
93.74107365
79.03025387
56.33136071
86.20167908
91.32248098
81.30949369
95.40046275
96.0458483
89.70139507
83.56576441
95.71458326
78.78292892
76.25355634

1
3
1
2
12
6
3
1
6
1
2
1
1
1
2
3
3

1952
1958
1961
1966
1971
1974
1977
1980
1984
1992

103.6030495
105.1501998
121.7469433
113.6627344
113.0736835
105.4955298
107.1330891
109.0823625
103.3710174
165.5796615

1
1
3
1
1
1
1
2
7
5

1950
1953
1955
1961
1965
1972
1978
1981
1983
1987
1996

85.79645789
89.57078421
73.90873471
97.18316414
86.2108502
91.08359507
94.41236782
76.03315092
83.43868532
68.15643356
90.25450518

2
1
4
1
2
2
2
1
1
8
3

Observed
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